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SUMMARY  
 
Carbon dioxide (CO2) is produced by industrial and other anthropogenic activities. Almost one 
half of anthropogenically produced CO2 has been taken up by the ocean, with associated 
decline in sea water pH and this is expected to continue in the future.  This might have a 
detrimental impacts on animals with calcium carbonate skeletons or shells.  This research 
study demonstrates that ocean acidification markedly alters the shell growth of abalone, which 
are important commercial shellfish, broadly distributed around the world.  
 
In the first experiment, juvenile abalone (Haliotis rubra x laevigata) were exposed to 
predicted future conditions of elevated temperature and lowered pH.  The experimental design 
included two temperatures and two levels of pH in an orthogonal design, where the control 
represented present day conditions. In experimental treatments, sea water pH was reduced to 
7.6 by injecting CO2, and the temperature was increased to 4 °C above ambient water, to 
reflect environmental conditions predicted for 2100. Growth rate was measured by comparing 
initial to final shell lengths after 100 days. At the ambient temperature, shell growth ceased 
and the shells shrunk by 1.43 % in the low pH treatment. Abalone in this treatment ceased 
growth, and shell erosion was evident in their size and colour. At the high temperature, there 
was no significant effect between the low and high pH treatments. Fouling tubeworms had 
also been lost from the shells. The cross-sections of abalone shells close to the growing edge 
were examined with SEM. The thickness of various of shell layers on the shell were measured 
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using ImageJ software on the SEM images.  Although the nacre thickness did not show a 
significant difference in the treatments, the prismatic thickness were significantly affected by 
the lower pH and the higher temperature while, interestingly, the combination of these two 
factors did not show a significant effect. We found a structure not described previously, which 
was a triangular shape in the prismatic layer. The new structure we called "Zagros", height, 
and its distribution in the shell were affected by the stresses introduced to the abalone which 
were lower pH and/or higher temperature. However, the nacre thickness of shells exposed to 
both these factors combined, was not significantly different from that of the controls.  
 
The last measurement shell structural component was the ratio of prismatic-to-nacre layer 
thickness. Temperature did not affect the ratio of prismatic to nacre thickness, but pH and its 
interaction with temperature were both statistically significant. At the ambient temperature, 
the low pH caused a 31% reduction in the layer ratio, whereas at the higher temperature there 
was no difference between the pH treatments. All, the data suggest a pattern in which 
decreasing pH will cause a dissolution of the shell, while the higher temperature will lead to 
faster growth in abalone shell. 
 
Since our studied species is cultured in high amount for food source for human population, it 
is extremely important to study the effect of ocean acidification accompanied by heavy metal 
(Cu) pollution on this species and investigate the level of heavy metal intake in abalone tissue. 
The second experiment was designed to answer the question. 
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 In the second experiment, juvenile abalone were exposed to the environmental conditions of 
elevated temperature and lowered pH predicted for 2100, together with a common marine 
toxicant (i.e. copper)  to evaluate the effects of this additional stressor on abalone subject to 
these future  ocean conditions. Abalone were subjected to the addition of the 40μg/L of 
copper (Cu) exposure for 48 hours, and then transferred to clean sweater in the relevant pH 
and temperature regimes and sampled after two weeks. The experimental design included two 
temperatures and two levels of pH, and either the presence or absence of Cu exposure in an 
orthogonal design, where the control represented present-day conditions in terms of 
temperature and pH and contained no Cu. The elemental composition of abalone shells and 
gills were measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
(Agilent Technologies, Model 4500 series 300). The proportions of Cu, Ca, Na, Mg, Zn and 
K were calculated from the total known mass of the abalone shells and gills and the dilution 
factor. In abalone shells Mg was the only element showing significant difference with the 
intraction of all stressors of pH and temperature and Cu when analysed by analysis of 
variance P= 0.040. In abalone gills Mg and Na concentration each had a significant 
interaction of pH and temperature (P=0.021, 0.030 respectively). None of the other studied 
elements showed significance for any factors or interactions. However, analysing the data by 
pairwise Tukey comparisons on the shell and gill data did not show any significant 
differences among any pairs of treatments.  
 
The results demonstrate that lower pH increased dissolution of CO2 and higher temperatures 
as predicted with in future oceans will affect the growth of wild abalone. The results also have 
implications for the maintenance of ideal culturing conditions in the farming industry under a 
changing climate.
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CHAPTER ONE 
1 Introduction 
 
1.1  Anthropogenic CO2 Release and Global Climate Change 
Various greenhouse gases in the atmosphere, including methane and carbon dioxide (CO2), 
have been increasing since the beginning of the Industrial Revolution. This increase is largely 
due to human activities such as fossil fuels consumption, industrialisation, deforestation and 
intensive agricultural activities (Kleypas et al., 2006, IPCC, 2007b). The Intergovernmental 
Panel on Climate Change (IPCC) reported that the pre-industrial value of the global 
concentration of CO2 was ~280 ppmv (parts per million by volume), a Figure which increased 
to ~400 ppmv in 2012 (IPCC, 2007b). When compared to the increase of 80-ppmv over the 
last 5000 years, this is a significant increase, having as it does a rate that is 100 times faster 
than any rate in the past 100,000 years. Unless serious practical efforts take place, the 
atmospheric CO2 concentrations are anticipated to be between 730-1020 ppmv by the end of 
the year 2100 (IPCC, 2000, IPCC, 2013). However, these are at the extreme of the prediction. 
The total anthropogenic CO2 emissions were approximately 10 billion tons in 2008, with an 
increasing amount of 560 billion tons which has been released since the beginning of the 
industrial era (Doney et al., 2009). CO2 is the most important anthropogenic greenhouse gas, 
contributing  77% of the total greenhouse gas emissions in 2004 (IPCC, 2007b). A quarter of 
CO2 emissions are removed by plant life, a quarter by the world’s oceans, and the remaining 
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50% stay in the atmosphere (Doney et al., 2009). The highest percentages of CO2 remains in 
the air and oceans, causing serious consequences for them. CO2 is the main greenhouse gas in 
the atmosphere, increasing the surface temperature of the earth with an average linear trend of 
about 0.2°C per decade (IPCC, 2000, Nakicenovic et al., 2000, IPCC, 2007b). From 2000-
2010, the earth experienced its hottest decade since modern record-keeping began 130 years 
ago, with the record showing that 2009 was the warmest year of this decade (IPCC, 2000, 
Nakicenovic et al., 2000, IPCC, 2007b). Recent climate models estimate a further increase of 
the mean global heat by roughly 1.8 to 4°C by the year 2100 (Figure 1.1) (IPCC, 2007b, 
Mann et al., 2008). 
 
 
 
 
 
 
 
 
 
Figure 1.1  Multi-model average and predicted and assessed ranges for surface warming 
using Atmosphere-Ocean General Circulation Models (AOGCMs).The grey bars show 
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the range of predicted warming and the best estimate using SREX marking scenarios 
(IPCC, 2007b). 
The greenhouse effect, through the trapping of heat, has led to an increase in global 
temperatures. As a consequence, surface seawater temperature has increased since the last 
century by an average of 0.6°C (IPCC, 2007a). Increases in temperature elevate sea level by 
changing the density and volume of water, as well as the melting of polar ice caps, and 
increase precipitation and evaporation, which leads to more frequent and intense storms 
(Emanuel, 2005, Raven et al., 2005, Royal Society, 2005). 
 
Ecosystem structure and function are strongly affected by the global climate change.  
Atmosphere warmth is a vital abiotic factor for species. The environmental temperature 
alteration from the optimum results in thermal stress. This might alter the way in which 
species interact with their surroundings, leading to local extinctions, increasing invasions of 
non-native species, changes in population abundances and the geographical redistribution of 
species. (Walther et al., 2002, IPCC, 2007b). These conclusions regarding global warming 
will have consequences for biodiversity and ecosystem services (IPCC, 2007b). 
 
1.2 Ocean Acidification 
Seventy percent of the earth’s surface is covered by oceans, which are a large carbon reservoir 
(Royal Society, 2005). Oceans have the highest carbon absorption from the atmosphere. 
Considering their large volume and thus their capacity to dissolve CO2 from the atmosphere, 
oceans play an essential part in CO2 absorption from the atmosphere (IPCC, 2007b). During 
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the past 250 years, oceans have absorbed about 29% of total anthropogenic emissions (Lee et 
al., 2003, Sabine et al., 2004). But once dissolved in seawater, CO2 reacts with water to form 
carbonic acid (H2CO3), which leads to the production of bicarbonate (HCO3
-) and hydrogen 
ions (H+). 
 
CO2  (atm) ↔ CO2 (aq.) + H2O ↔ H2CO3 ↔ H+ + HCO3- ↔ 2H+ + CO3 2− 
 
The seawater reactions are reversible and near equilibrium (Millero and Sohn, 1992). Thus, 
CO2 reacts with seawater and forms carbonic acid (H2CO3). The concentration of H
+ ions 
increases when carbonic acid breaks apart. This subsequently decreases the pH (negative log 
of proton concentration) and changes the chemistry of the oceans, a process also known as 
"ocean acidification" (Caldeira and Wickett, 2003, Feely et al., 2004, Orr et al., 2005a, IPCC, 
2007a, IPCC, 2013). Since the Industrial Revolution a 30% increase in acidity of the surface 
water has taken place, which means that ocean acidification has already started and has 
decreased the pH of surface waters by 0.1 pH units (Royal Society, 2005, IPCC, 2007b, IPCC, 
2013). Atmospheric CO2 concentrations could lead to a decrease of 0.3-0.4 pH units by 2100, 
or an approximate 100-150% increase in acidity since the beginning of the industrial era (Orr 
et al., 2005a, IPCC, 2013). 
 
Moreover, the rate of ocean acidification varies in different places on earth. For example, 
Antarctica is at the highest risk because of melting ice resulting from global warming, which 
increases the volume of sea water and decreases the salinity by diluting the solutions that 
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work as the buffer for ocean acidification (IPCC, 2013). This leads to more dissolution of 
calcium carbonates. It will take thousands of years to dissolve enough calcium carbonates 
from the sediments or the exposed rocks before the saturation state can be restored. (IPCC, 
2013)  
 
The uptake and solubility of CO2 in the oceans is affected by various chemicals (CO2 
buffering capacity), physical (temperature, water column stratification and mixing) and 
biological factors. These are now discussed.  
 
In surface seawater at a pH of nearly 8.1, there are three forms of inorganic carbon, with 
approximately 90% of this as bicarbonate ion, 9% as carbonate ion, and only 1% as dissolved 
CO2. The pH of the seawater is affected by the percentage of these three forms of dissolved 
inorganic carbon (DIC). DIC maintains the pH of seawater and can act as a natural carbonate 
buffer within narrow limits. At the end of the 21st century, the estimated 0.3-0.4 pH unit 
decrease of oceans will result in an approximate 50% decrease in carbonate ion concentrations 
(Orr et al., 2005a). A reduction in the capacity of the ocean to buffer changes in atmospheric 
CO2 in the year 2100 is predicted by the IS92a scenario (Orr et al., 2005b). Over hundreds of 
years, the oceanic uptake of atmospheric CO2 is influenced by CaCO3 reactions (Royal 
Society, 2005, IPCC, 2007b). These reactions show the effects of the production and the 
dissolution of calcium carbonate structures on the pH of seawater. 
 
CaCO3 ↔ Ca2+ + CO32- 
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Calcium carbonate minerals are derived from the skeletons of marine organisms (coralline 
algae, corals, pteropods, foraminiferans, coccolithophores, molluscs and other invertebrates). 
These animals take CO3
2- from the ocean and, by combining it with calcium, produce the 
calcium carbonate shells. Once they die, the carbonates dissolve or deposit in deep-sea 
sediments (Feely et al., 2004). Carbonate saturation (Ω) determines the stability of carbonate 
minerals, and calcification and dissolution, which is defined by the following equation: 
 
Ω = [Ca2+] [CO32-] K*sp. 
 
where [Ca2+] and [CO3
2-] are the effective Ca2+ and CO3
2- concentrations in seawater, and 
K*sp. is the in situ solubility product of calcium carbonate. With the seawater becoming more 
acidified, the Ω is reduced below 1, which means an under-saturation situation that leads to 
the dissolution of carbonate minerals. Solubility (K*sp.) depends on temperature, salinity, 
pressure and the calcium carbonate polymorph. There are two different forms of marine 
CaCO
3 
which is mostly produced by marine organisms: calcite (rhombohedral crystals) and 
aragonite (orthorhombric crystals). Calcite is more stable and common than aragonite within 
the chemistry of our modern seas, even though the two minerals are nearly identical in their 
physical properties. Most of the marine carbonate producers are primarily composed of 
aragonite. Coccolithophorids, foraminifera, crustose corraline algae, some pteropods and 
many reef-building corals are representatives of this group. However, many species of 
shellfish are mainly comprised of a combination of calcite and aragonite. Calcite can also 
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contain different concentrations of magnesium ions, which affects the solubility of the mineral. 
The amount of magnesium deposited in the shells and skeletons of calcifiers depends on the 
species, and varies from just a few to 30 mol percent (Andersson et al., 2008). Shells and 
skeletons can be grown into a particular shape, and additional elements can be integrated for 
stabilisation. Different organisms show different types of calcium carbonate in their shells or 
skeletons. These polymorphs of calcium carbonate differ in their solubility, with the most 
soluble being high magnesium calcite, followed by aragonite. The least soluble form is shown 
to be low magnesium calcite, which shows that magnesium dissolves at a higher rate than 
calcium (Mucci, 1983, Andersson et al., 2008). Calcium carbonate is also more soluble with 
decreasing temperature and increasing ocean depth, creating a boundary layer called the 
"saturation zone" (where Ω=1), above which CaCO3 forms and below which it dissolves. 
Depending on its geographical location on earth, and the depth of the ocean, the saturation 
zone can differ. For example, in the high latitude areas of North Pacific and the Indian Ocean, 
the saturation zone for aragonite is at a depth of around 200m, whereas the Atlantic Ocean has 
a much deeper saturation zone of about 3,500m of depth (IPCC, 2007b). The saturation zone 
is moving towards the ocean surface as ocean acidification lowers the carbonate buffering 
capacity. This process is called "shoaling". Shoaling of aragonite saturation horizons by 30–
200m from the preindustrial period to the present time is reported (Royal Society, 2005, IPCC, 
2007b). The surface waters of the Southern Ocean are predicted to be under-saturated with 
respect to aragonite by as early as 2050, and under-saturation will be greatest in the North 
Atlantic ocean by 2200 (Feely et al., 2004, Royal Society, 2005, IPCC, 2007b, McNeil and 
Matear, 2008). Shoaling negatively affects the availability of habitat for calcifiers, and has 
adverse effects on ecosystem functioning. Evidence that anthropogenic CO2 absorption results 
in associated changes in pH and carbonate chemistry in sea water have been verified by 
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repeated research cruises and modelling programs, as well as time series data collected from 
in situ experimental stations in major ocean basins over recent decades (Caldeira and Wickett, 
2003, Feely et al., 2004, Orr et al., 2005a, IPCC, 2007a). All research and measurements 
show that over the past 20-30 years, increases in atmospheric CO2 have led to declines in pH 
and carbonate saturation level. Plattner et al. (2006) suggested that ocean acidification and pH 
reduction, together with the saturation state and other elements affected by ocean acidification, 
is largely due to the anthropogenic CO2  directly, rather than global warming. (Plattner et al., 
2006) 
 
1.3 Interaction of Ocean Acidification with Other Stressors 
Oceans all over the world are estimated to provide between $16-54 trillion worth of 
ecosystem goods (e.g. food and raw materials) and services (e.g. nutrient cycling) per year 
(Walser et al., 2008). The increase in atmospheric CO2, and the elevated carbon from 
continental involvement, increases the organic matter (Net Community Production, NCP) in 
the ocean. The organisms in the ocean (plants, animals and microbes) use the organic matter 
in their respiration and release CO2, which strongly affects the carbonate chemistry of 
seawater (Ringwood and Keppler, 2002). Another factor affecting CO2 levels is the magnitude, 
frequency and duration of upwelling (Harris et al., 2013, Hauri et al., 2013).  
 
Temperature is also another factor that affects every physiological process in organisms. The 
long-term ocean temperature recordings show that the warming of coastal waters which are 
the habitat of most molluscs is greater than the warming of the surface waters of the open 
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ocean (Talmage and Gobler, 2011). Temperature also interacts with ocean acidification due to 
anthropogenic CO2. Increasing the water temperature will decrease the gas solubility, which 
affects the chemistry of the ocean by decreasing CO2 solubility in the water. In addition, the 
rising temperature of seawater also affects pressure gradients and wind-driven circulation 
patterns in the ocean, which can lead to the upwelling of CO2-rich corrosive-acidified waters 
from deeper depths to the surface. For example, the California Current System leads to the 
upwelling of CO2-rich acidified waters from deeper depths to the surface. Snyder showed that 
upwelling is positively related to temperature and has been increasing over the past 30 years 
(Snyder et al., 2003). Feely also suggested that upwelling can be an important factor in 
reducing the pH and lowering the saturation state (Ω) of calcium carbonate (Feely et al., 2010, 
Barton et al., 2012). Moreover, the higher temperature makes the habitat more unsuitable for 
marine organisms that need cold water. Studies on a range of calcifying and non-calcifying 
organisms show that temperature affects different aspects of them, their metabolic rate, 
fertilization, growth, food consumption, behaviour, nutrient release, and shell strength to 
name a few (Byrne et al., 2009, Donaghy and Volety, 2011, Godbold and Solan, 2013, 
Mackenzie et al., 2014).  
 
Salinity and dilution also change the concentration of dissolved gases like oxygen and CO2, 
while the freshwater inputs into the sea result in changes in carbonate chemistry parameters 
over multiple time scales (Waldbusser and Salisbury, 2014). Moreover, most riverine plumes 
are acidic, and nearly all of the world’s large rivers have Ω lower than receiving ocean waters 
(Salisbury et al., 2008). In addition, with the increasing temperature in the atmosphere the ice 
caps are melting, the result of which is that a huge amount of non-saline water is added to the 
ocean. This affects the higher latitude oceans the most (IPCC, 2007a, IPCC, 2013). Salinity 
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influences the carbonate chemistry in the ocean, which results in the production of more H + 
ion; this in turn leads to more acidification and higher calcium carbonate dissolution in 
seawater due to a lower saturation state. These changes in the carbonate chemistry will further 
be aggravated by increasing amounts of atmospheric CO2. 
 
Heavy metals in higher concentrations than recommended have adverse effects on water 
quality, aquatic organisms’ survival, and human health. The effects of heavy metals on 
aquatic organisms have been the subject of numerous investigations, the majority of them 
pertaining to the action of individual metals (Pipe and Coles, 1995, Ochoa-Herrera et al., 
2011). For example, the effect of Cu contamination at two concentrations (37.5 and 50.0 µgL-
1) for 24 hours on brown mussels showed an increase in metal accumulation, physiological 
responses such as nitrogen excretion rates, oxygen consumption rates, mucus secretion rates 
and ROS induced DNA damage. (Vosloo et al., 2012). Heavy metals and organic pollutants 
are persistent and non-biodegradable, and they can be bio-accumulated, especially in animals 
such as mussels, which filter the water and accumulate its heavy metals in their tissue. 
Bioaccumulation can also take place via the biologic chains: soil-plant-food and seawater-
marine organism-food (Al-Shawi and Dahl, 1999). Therefore, a high amount of organic 
pollutants and heavy metals in the environment is a potential danger for both human health 
and the environment, given its extreme toxicity. The magnitude of the toxic effect is 
influenced by the environment, concentration, body resistance and the presence of other 
contaminants (Al-Shawi and Dahl, 1999). Through the food chain, the heavy metals can get to 
humans affecting their health. The concentration of heavy metals in food products is different, 
and depends on their source and the species' activity, where bioaccumulation, storage 
conditions and processing technologies are concerned. (Mititelu et al., 2008). Studies of the 
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combined effects of metals on aquatic biota show that the action of two metals in 
combination, or the combination of the heavy metal and other stressors such as salinity, 
temperature etc. can be simply additive, antagonistic or synergistic (Jones, 1975, 
Westernhagen et al., 1979, Park et al., 2014). Also, a great variety of environmental factors 
(dissolved oxygen, carbon dioxide, pH, temperature and salinity) are known to modify the 
toxicity of metals for organisms (Gupta et al., 1981, McLusky et al., 1986, Mititelu et al., 
2008, Golovanova, 2011). For example, the higher the salinity, the lower the level of free 
heavy metal ions, which in turn results in a lowering of the toxicity effect on marine 
organisms. This occurs because metal ions are a competitor compared with Na+, Mg2+ and 
Ca2+ to combine with chloride ions (Janssen et al., 2003, Park et al.).  
 
Studies of the combined effects of heavy metals and temperature show that unlike salinity, 
where metal irons are concerned we cannot determine whether the effect will be synergistic or 
antagonistic or the combined effect. The effect varies highly with the organisms and the range 
of the temperature change, and mainly because each kind of heavy metal plays a different role 
in organisms as the temperature rise. (Cairns Jr et al., 1975). Where the combined effects of 
the acidified water and heavy metals on marine organisms is concerned, Han et al. (2013) 
suggested that ocean acidification can aggravate heavy metal pollution and toxicity for marine 
organisms (Han et al., 2013). The concentration or availability of some nutritionally essential 
factors may be significantly decreased as a result of ocean acidification. For example, the 
caloric content of invertebrates and the bioavailability of the essential trace element selenium 
(Se) are reduced at are reduced at pH lower than 7 (Raddum and Steigen, 1981, Mushak, 
1985). Moreover, Ocean acidification can result into an increase in one or more non-essential, 
potentially toxic substances. For example, the Hg content of several fish species is negatively 
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correlated with pH (Wren and MacCrimmon, 1983, Wiener, 1987, McMurtry et al., 1989, 
Walcarius et al., 2004, Sveinsdottir and Mason, 2005). Other potentially toxic metals (AI, Cd, 
Pb, Cu) can accumulate in invertebrates (Wren and Stephenson, 1991, Batty et al., 2000) and 
aquatic plants (Crowder, 1991) tolerant to ocean acidification (Scheuhammer, 1991, 
Nikinmaa, 2013, Zeng et al.). 
 
Studies show that UV also affect the toxicity of metals. The higher UV can result in higher 
toxicologically in copper by changing the Cu binding behaviour of dissolved organic matter 
(De Schamphelaere et al., 2004).” Bonzongo and Donkor (2003) also in their studies showed 
the formation of the most toxic and readily bioavailable methyl-Hg from Hg as a result of UV 
exposure. 
 
Doney et al. (2012) have reviewed the effects of climate change on marine ecosystems, and 
suggest that physiological intolerance to new environments causes the change in populations, 
due to changes in population dispersal patterns and the alteration of species interactions. By 
adding the local invasion and extinction resulting from local climate change, a change in 
community structure and diversity will be achieved. This will lead to the possible appearance 
of new ecosystems (Doney et al., 2012).  Godbold et al (2013) believe that in order to be able 
to show the ecological effects of ocean acidification on species, the ecosystems' complex 
system dynamics must be taken into account (Godbold and Solan, 2013). 
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1.4 Biological Responses of Marine Animal Calcifiers to Ocean Acidification 
Ocean acidification is shown to have negative effects on the health and survival ability of 
marine organisms across pelagic species, such as foraminifera (Hallock, 2000), pteropods, 
coccolithophores, marine fish and mammals, some phytoplankton (Rost and Riebesell, 2004, 
Raven et al., 2005, Iglesias-Rodriguez et al., 2008) and benthic taxa of marine organisms such 
as corals (Reynaud et al., 2003, Anthony et al., 2008, Jokiel et al., 2008), echinoderms 
(Shirayama and Thornton, 2005, Byrne et al., 2013), molluscs (Michaelidis et al., 2005, Berge 
et al., 2006, Gazeau et al., 2007, Gazeau et al., 2013), crustaceans (Dupont and Thorndyke, 
2009, Kroeker et al., 2013), and calcareous algae (Smith and Roth, 1979, Jokiel et al., 2008).  
 
The ecological impacts of climate change on marine organisms are vast. Species distribution, 
abundance, morphology, behaviour, the timing of reproduction or migration events, 
population dynamics, disease outbreaks and increases in the frequency of pests are some of 
the ways in which these organisms are affected (Pauli et al., 1996, Parmesan et al., 1999, 
McCarthy, 2001, Stenseth et al., 2002, Walther et al., 2005, Harley et al., 2006, Parmesan, 
2006). 
 
Ocean acidification is likely to have a negative effect on calcified organisms, such as molluscs, 
corals, some microalgae, foraminifera and calcifying algae, by decreasing the availability of 
CO3
2- ions and reducing the organisms’ ability to produce their calcium carbonate skeleton. 
The magnitude and direction of the response to ocean acidification, however, varies amongst 
and within different taxa. For instance, Liu et al. (2012) studied the effect of ocean 
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acidification on the metabolic rates of the pearl oyster Pinctada fucata, the noble scallop 
Chlamys nobilis, and the green-lipped mussel Perna viridis. The study measured clearance, 
respiration, and excretion rates in these three species. The respiration rates of P. fucata and P. 
viridis were not affected by lower pH, but in C. nobilis the respiration rate was significantly 
lower at pH 7.4. The excretion rate in low pH was significantly lower for all three species. 
The results show that food intake, oxygen consumption, and ammonia excretion were reduced 
in low pHs. Heinemann et al. (2012) studied the effect of ocean acidification on blue mussel 
shell composition and extracellular body fluids. The results showed that elemental ratios 
(B/Ca, Mg/Ca and Sr/Ca) in the extrapallial fluid decreased in the lower pH treatment, which 
could be because of the decreasing growth and calcification rates at lower seawater pH values 
(Heinemann et al., 2012). Ocean acidification is affecting calcium carbonate forms differently 
in organisms based on the percentage of calcite or aragonite in the species. Since aragonite is 
50% more soluble than calcite (Mucci, 1983), small decreases in pH can lead to 
biomineralization problems for animals that have aragonite in their body structure (Orr et al., 
2005a, Albright et al., 2008, Doney et al., 2009). Hahn et al. (2014) in a study of blue mussels 
(Mytilus edulis), showed that the cultured animals (from early juvenile stages to one year of 
age) at pH 7.2 created disordered calcitic fibre orientation patches in the well-structured shells, 
mainly the calcite portion of the shells. The study suggested that shell growth rate, 
ultrastructures and bivalve biomineralisation patterns are affected by ocean acidification. 
(Hahn et al., 2014). However, different species respond differently to ocean acidification  (Liu 
and He, 2012). 
 
Because calcification is an energy-demanding process, this compensation comes at a cost and 
may result in the reallocation of the energy budget of the organism (Portner, 2008). Shifts in 
18 
 
the acid-base balance, and difficulty in producing and maintaining exo- and endoskeletons in 
the face of changing CO2 levels, can affect metabolism and increase the energy costs 
necessary to maintain homeostasis in organisms.  
 
 On the other hand, some research studies have suggested that ocean acidification can have a 
positive effect on organisms such as seagrass and non-calcifying macro algae, which use CO2 
for carbon fixation in photosynthesis (Short and Neckles, 1999, Invers et al., 2002, Hobday et 
al., 2006). Another study has shown no effect on calcification or growth in the juvenile Sepia 
officinalis (cepphalopod mollusc) over a six-week period of exposure to lower pH (Gutowska 
et al., 2008). Two studies on the effect of ocean acidification on coccolithophorids (marine 
calcifying phytoplankton) have found conflicting results. (Riebesell et al., 2000) showed 
reduced calcification and malformations in calcium carbonate plates (coccoliths) with 
increasing ocean acidification, while Iglesias-Rodriguez et al. (2008) found an increase in 
calcification and net primary production rate in Emiliania huxleyi.  
 
The differences in these studies arise from the use of a different methodology for obtaining 
lower pH: using an acid or bubbling CO2 to control pH, which produces a difference in the 
calcium carbonate saturation state and dissolved inorganic carbon concentration (DIC). The 
CO2 bubbling method has become the most accepted and widespread method for simulating 
future CO2 conditions, because of its influences on the carbonate chemistry (Iglesias-
Rodriguez et al., 2008, Hurd et al., 2009). CO2 bubbling has advantages over other methods, 
due to its ability to mimic carbonate chemistry in the future climate change scenarios by 
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increasing pCO2 and DIC (lower  pH) without altering the total alkalinity (Gattuso et al., 
2010). 
 
Temperature also affects the physiological process in areas such as photosynthesis, respiration 
and calcification (Howe and Marshall, 2002, Necchi, 2004, Hancke et al., 2008). In Halimeda 
(a genus of green macroalgae), the photosynthetic and respiratory responses to temperature 
are known to be varied among species (Abel and Drew, 1985). In reef-forming corals, the rate 
of calcification increases with higher temperature (Lough and Barnes, 1997, Lough and 
Barnes, 2000). However, increases as small as 1-2°C above summer averages can lead to 
mass coral bleaching events (large areas of coral colonies expelling symbiotic algae) and 
sometimes death (Hoegh-Guldberg, 1999). Elevated temperatures can increase the metabolic 
rate of organisms within their thermal tolerance window, but cause a rapid deterioration of 
cellular processes and performance beyond tolerance limits (Portner, 2008). Hence, predicting 
the combined effects of warming and acidification is difficult, as warming could either offset 
the effects of ocean acidification (McCulloch et al., 2012) or aggravate it through an 
accumulation of stress effects (Anthony et al., 2008). 
 
 Atchinson (2011) investigated the effect of ocean acidification and warming on abalone 
haemolymph pH and its ion concentration. The results showed that the pH is the dominant 
factor affecting the pH and HCO3
- concentration in abalone haemolymph; temperature has 
some effect at the low pH level, slightly increasing the blood pH and HCO3
- while 
temperature at the high pH did not show this effect, suggesting an offset effect of ocean 
acidification by global warming. On the other hand, Kroeker et al. (2013) synthesised the 
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results of 228 studies which examined biological responses to ocean acidification. The results 
suggest that most marine organisms showed decreased survival, calcification, growth, 
development and abundance in response to acidification. It showed enhanced sensitivity to 
acidification when it is combined with higher temperatures. Other factors, such as nutritional 
status or source population, could cause substantial variation in organisms’ responses 
(Kroeker et al., 2013). The combined effects of temperature and pH studies show that ocean 
warming might have a more severe effect on some marine organisms than ocean acidification. 
For example, the Mediterranean mussel (Mytilus galloprovincialis) the larval size, their 
survival and respiration and calcification of the very early larval stages were affected by 
increasing temperature more than OA (Vihtakari et al., 2013). The shells of Mytilus edulis, 
showed warming, but not acidification, significantly reduced shell strength, which was 
measured by reductions in the maximum load endured by the shells. However, acidification 
resulted in a reduction in shell flex before failure. As a result the shells in a lower pH 
environment will be breaking sooner and make the animals more vulnerable in the lower pH 
condition (Mackenzie et al., 2014). On the other hand, some studies show that the temperature 
and ocean acidification have synergic effects on some marine organisms. For example, in the 
corals Acropora intermedia and Porites lobata, ocean acidification and warming scenarios 
together have synergic effects (rather than ocean acidification alone), which cause bleaching, 
reduced productivity, and calcium carbonate dissolution and erosion in A. intermedia and P. 
lobata and in crustose coralline algae (Anthony et al., 2008). Meanwhile, Gooding et al. 
(2009) observed different impacts on different aspects of juvenile Pisaster ochraceus (a sea 
star) with and without the involvement of temperature as a factor. An exposure period of ten 
weeks showed reduced calcified mass at lower pH and lower temperature but increased 
growth rate at lower pH (Gooding et al., 2009). 
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Some researchers claim that a lack of adequate time for species to adapt to the new condition 
of ocean acidification and warming is responsible for the effects on marine organisms, 
particularly those which secrete CaCO
3 
shells and skeletons while being in experimental 
condition (Kroeker et al., 2013). The effect might not be as adverse in reality as the species 
might be able to adapt to the new condition (Turley et al., 2006, Guinotte and Fabry, 2008). 
However the changes will occur more rapidly than they have in the past, and as it is 
impossible to carry out evolutionary experiments involving many generations with most 
organisms, it is important to know what the potential effects on these organisms may be. 
 
 
Calcifiers are ecologically important in all ecosystems and have a wide range of distribution, 
from high latitude to deep seas. Sensitivity of calcifiers to ocean acidification depends on a 
variety of factors, such as the habitat, the mineral form used for the formation of the skeleton, 
etc. To find out the sensitivity of different taxa to ocean acidification, Wittmann analysed five 
animal taxa (corals, echinoderms, molluscs, crustaceans and fish) for a wide range of CO2 
concentrations and suggested that corals, echinoderms and molluscs are more sensitive to 
lower pH predicted in 2100 than crustaceans (Wittmann and Portner, 2013). Thus mollusc are 
important and indicative phylum to study for the effect of ocean acidification. 
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1.5 Molluscs' Response to Ocean Acidification 
Molluscs produce calcareous shells, and the production of these shells depends on the 
calcification processes and availability of CO3
2- discussed earlier. This group is affected by 
increasing CO
2 
levels. Studies of CaCO
3
 secreting shellfish have found that sediments under-
saturated with respect to aragonite can cause high mortality of juvenile clams (Mercenaria 
mercenaria) at less than 2 mm size (Gazeau et al., 2007). Green et al. (2004) have shown 
decreased calcification rates in mussels (Mytilus edulis) and oysters (Crassostrea gigas) as a 
result of high CO
2 
concentrations (~740 ppm). (Berge et al., 2006) described decreased 
growth and metabolic rates as another impact in the blue mussel (Mytilus edulis) at pH levels 
of 7.4. Similarly, in the marine mussel, Mytilus galloprovincialis, the net degradation of 
proteins and an overall reduction in growth were indicated as a consequence of the decreased 
rates of oxygen consumption and increased nitrogen excretion in the acidified ocean 
(Michaelidis et al., 2005).  
 
In addition to the growing level of CO
2
, which creates lower pH in sea water, there are other 
environmental pressures on shellfish in the ocean which also are caused by ocean acidification 
and add to the stress and pressure to shellfish lives. For example, the frequency of harmful 
algal blooms is increasing due to the increase in anthropogenic nutrient filling rates, which are 
a result of ocean acidification (Nixon, 1995, Anderson et al., 2008, Heisler et al., 2008, 
Howarth, 2008). The rate of harmful algal blooms and their negative influences on fisheries 
have increased dramatically in recent years (Anderson et al., 2002, Hoagland and Scatasta, 
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2006, Heisler et al., 2008, Jin and Hoagland, 2008). It is acknowledged that harmful algal 
blooms are toxic for shellfish (Shumway, 1990, Landsberg, 2002, Sellner et al., 2003) and in 
recent times, investigations have revealed their fatal effects on shellfish larvae as well 
(Matsuyama, 2001, Springer et al., 2002, Yan et al., 2003, Leverone et al., 2006, Stoecker et 
al., 2008, Talmage and Gobler, 2009, Vasconcelos et al., 2010). 
 
Intertidal and estuarine molluscs are subject to multiple stressors in their habitats that may 
modulate their responses to ocean acidification. Temperature and salinity affects most aspects 
of bivalve physiology, including feeding, respiration, survival, gonad development, spawning, 
immunity and host-parasite interactions (Shumway, 1990, Kennedy et al., 1996). Molluscs are 
poikilothermic ectotherms and temperature strongly changes the rates of all of their 
physiological and biochemical reactions, therefore affecting growth, survival and 
reproduction (Hochachka and Somero). The physiological effects of lower pH may also be 
modulated by the environmental temperature because of the temperature-dependent changes 
in the solubility of gases, pH and inorganic carbon speciation. Moreover, ocean acidification 
may reduce thermal tolerance of marine organisms by shifting energy balance and reducing 
their aerobic scope (Poertner, 2012, Sokolova et al., 2012). All these effects of ocean 
acidification on species will affect the population dynamics of these species. Changes in 
population densities of shelled molluscs associated with ocean acidification can thus result in 
habitat restructuring, disease outbreaks and changing food webs.  
 
 In this study, I used the ecologically and economically important mollusc, abalone (Haliotis 
rubra x laevigata.) which is an aquaculture hybrid of H. rubra and H. laevigata. This hybrid 
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is cultured in aquaculture facilities in Tasmania and Victoria, Australia. Although this 
particular species does not exist in wild, abalone species in general are commonly found in 
the intertidal and upper sub-tidal zone of the ocean (Branch and Moreno, 1994, Burke et al., 
2001). These species are tolerant of large fluctuations of environmental factors, including 
temperature, salinity, CO2 and O2 levels as these factors keep changing in their coastal habitat 
during the seasons and even during a day. Abalone are also economically important and 
extensively farmed, and are among the major groups of molluscs produced in aquaculture 
settings and harvested in the wild populations (Davis and Carrington, 2005, Fisheries, 2009, 
Cooley et al., 2012). An understanding of the impacts of ocean acidification in combination 
with other environmentally important stressors such as temperature is important for predicting 
the future of the ecosystems that depend on these species, as well as the future of the coastal 
economies that depend on fishing and aquaculture (Barton et al., 2012, Cooley et al., 2012). 
 
1.6 Abalone 
1.6.1 Phylum  Mollusca,  Class Gastropoda 
 
Our study on ocean acidification and warming effect is on abalone belonging to the class 
Gastropoda which is the largest and most successful groups of molluscs (Ruppert and Barnes, 
1994).  
 
Molluscs have a broad distribution around the world. They are found in a range of ecological 
niches, from deep sea to intertidal zone habitats, and, geographically, from poles to tropical 
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areas and are considered important commercial species for a variety of reasons, such as their 
value as a food source, their use in the manufacture of jewellery, etc. They are important 
ecosystem engineers (Nagarajan et al., 2006). They are mostly suspension-feeders, and filter 
particles bigger than approximately 1-7μm to improve water quality (Winter, 1978). The filter 
feeding also leads to increases in light penetration that benefit algae and benthic plants. Filter 
feeding bivalves are considered ecosystem engineers in coastal waters, due to the filtration 
services they provide (Gutiérrez et al., 2003, Nagarajan et al., 2006). They are carbonate 
producer. Molluscs also play a key role in the ocean’s carbonate cycle and CaCO3 by 
depositing massive amounts of CaCO3 in their shells (Gazeau et al., 2007). For example, 
pteropods (pelagic molluscs with aragonite shells) alone are estimated to contribute 50% to 
the total global CaCO3 flux (Fabry, 1990, Fabry and Deuser, 1991, Iglesias‐Rodriguez et al., 
2002). Marine benthic molluscs produce 50 to 1000 g calcium carbonate m-2yr-1 (Kurihara et 
al., 2009). They are important indicator species for toxicology studies (Beesley et al., 2008), 
and also as a food source for other marine organisms (Bibby et al., 2008). In addition to 
benefits to marine ecosystems, the phylum Mollusca are also commercially valuable as a food 
source. The global shellfish aquaculture is estimated at a value of US$13.1 billion, 
representing 12-16% of total seafood consumption (Fisheries, 2009). For example, in 2007 in 
the United States clams, mussels, oysters, and scallops exceeded $700 million (Cooley and 
Doney, 2009). Marine sources of protein are increasingly in demand as a result of human 
population growth and decreasing terrestrial protein sources (Moffitt and Cajas-Cano, 2014). 
 
Family Haliotidae include all abalone and its Latin genus name Haliotis, was given by 
Linnaeus in 1740. Common names for abalone are sea ears or ear shells due to ear-shaped 
shell of this mollusc and also mutton fish or mutton shells (Beesley et al., 1998). Haliotidae 
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are distributed throughout the temperate and tropical coastal areas (Geiger, 1999). There are 
currently 56 species of abalone with 18 subspecies in the world (Geiger and Owen, 2012) 
Many different  species are found in Australia,  South Africa, Japan, along  the  coast  of the  
northeastern Pacific  margin and the tropical  western  Pacific (Lindberg et al., 1992, Cook, 
2012). The most widely distributed taxa are Haliotis clathrata, Haliolis asinina, Haliotis 
planata and Haliotis ovina, while others have more restricted distribution (Geiger and Owen, 
2012). 
 
 
1.6.2 Abalone aquaculture 
 Among molluscs, abalone is a commercially important and expensive luxury food which 
began to be farmed in China around 1500 years ago (Nie and Wang, 2004). However, abalone 
aquaculture in its advanced form was established in Japan in the last fifty years. It has been 
followed by other Asian countries afterwards. China now is the main abalone producer in the 
world with 90694 million ton of abalone cultured  in 2014 (Cook, 2014).  Abalone has long 
been in demand with fisheries being developed worldwide in order to supply the market with 
this luxury food (Gordon and Cook, 2013). As the fisheries decline, aquaculture ventures are 
attempting to meet the shortfal1 to satisfy market demand (Naylor et al., 2000, Delgado, 
2003). South Africa has recently become the largest abalone aquaculture producer outside of 
Asia followed by Australia and Chile and is estimated to stay the same in terms of ranking in 
2015 (Cook, 2014). Australian abalone production is estimated to reach 965 million tons in 
2015 (Cook, 2014). Australia is the leading country in research for the development of 
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specialised diets for aquaculture, the introduction of abalone  pearl production and also the 
introduction  of  new   abalone   species  for  farming (Viana, 2002, Li, 2008). 
 
Abalone aquaculture in Australia was first established in the early 1980s. In Victoria and 
Tasmania greenlip abalone (Halitois laevigata) and blacklip abalone (Haliotis rubra) and a 
hybrid of these two which is called Jade-Tiger hybrid abalone (Haliotis rubra-laevigata) are 
being produced. However, in South Australia and Western Australia only the greenlip is being 
farmed (Li, 2008).  The hybrid Jade-Tiger abalone is believed to grow faster than the greenlip 
and blacklip abalone and also is genetically improved for better harvest in aquaculture (Li, 
2008). This aquaculture species play very important role in the aquaculture industry in 
Australia. That’s why we investigated the effect of future ocean acidification on this hybrid 
species. 
 
1.6.3 Abalone general features 
Abalone has the common features of gastropods. They are dioecious (separate male and 
female sexes) and are a herbivorous nocturnal mollusc. Their anatomy is simple and has not 
changed much since first appearance on earth millions of years ago (Morton and Yonge, 
1964).  The single shell houses the abalone soft tissue and the largest part of the soft tissue of 
abalone is its muscular foot, which helps the abalone to cling to the rocks. Abalone have 
several predators including fish, sea birds, otters, crabs and starfish. Boring sponges, which 
erode holes in their shells, open them up for other predators (Leighton, 2000, Griffiths and 
Gosselin, 2008). Their protection is in their persistence in clinging to the rocks and the 
protective camouflage of their shell and foot (Leighton, 2000, Harris et al., 2006).  
28 
 
 
1.6.4 Abalone Shell 
Shell production is a complex process and depends on environmental factors such as water 
chemistry, pH, temperature, salinity and other trace mineral composition. Shell formation, 
mineralogy, and micro- and macro-morphology are under genetic control and tightly 
physiologically regulated (Weiner et al., 1984, Jackson et al., 2010). The shell is a composite-
layered structure made up of 95 to 99 percent CaCO3 and 1 to 5 percent of an organic matrix 
of proteins and polysaccharides (Palmer, 1983, Palmer, 1992). The mineral composition and 
organisation varies among different mollusc species. The dominant minerals are aragonite and 
calcite and in particular cases vaterite, which are associated to an organic matrix (Marin et al., 
2007). Primitive molluscs’ shells are believed to be made of aragonite, which is mechanically 
stronger in terms of fracture resistance and crack propagation (Harper, 2000). Abalone shells 
are made of the less soluble low-Mg-calcite and their periostracum is thin and poorly 
developed (Digby, 1968, Kennedy et al., 1996, Han and Aizenberg, 2003, Carré et al., 2006). 
Other shell mineralogies have repeatedly evolved among the molluscs, suggesting selection 
pressures for properties other than strength (Harper and Skelton, 1993). Shell structure 
differences are therefore likely to play a role in determining the calcification and 
physiological response of molluscs to ocean acidification, and thus molluscs serve as an 
excellent model to study the effects of ocean acidification.  
 
Abalone’s single calcium carbonate shell is formed and secreted by the mantle (Sud et al., 
2002). The shell is ear-shaped, with the respiratory pores which begin from the posterior spire 
aligned along the left side of the shell (Bevelander, 1988). As the shell grows the closer pores 
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to the spire of the shell are closed by a pearly substance secreted from the mantle and new 
open pores will form. Only four to five pores remain open at any time for respiration (as the 
gills are situated along the same side as the pores), spawning and also the excretion of waste 
material. The outer surface of the shell is convex and has some nearly parallel lines which are 
called "growth lines" (Sarikaya and Aksay, 1992). The distance between them and their 
patterns are affected by changes in the environment such as water temperature, food 
availability and spawning periods (Leighton and Boolootian, 1963, Bevelander, 1988, Lin and 
Meyers, 2005). The inner surface of the shell has a mussel scar where the foot muscle attaches 
to the shell and is composed of nacre which gives it an iridescent appearance and is known as 
"Mother of Pearl" (Giles et al., 1995). 
 
In Cross section, an abalone shell is made of 3 layers: two of them are the thick main layers of 
prismatic and nacre and the other one which is thinner and is on the outer surface of the shell 
is called the periostracum. Each layer of the shell serves a distinct functional role. Variation of 
geometric parameters such as the layer order of thickness would change the shell performance 
in terms of overall mechanical behaviour of the shell (Cranford and Buehler, 2012). In respect 
to the layer arrangement in abalone shell, looking at a cross section while the dorsal surface is 
facing up, the periostracum layer which is a thin layer mostly consisting of protein, is the 
outer-most cover of the abalone shell and is in direct contact with the ocean water. This layer 
provides the coverage and support for shell mineralization. It also delimits and seals the place 
where mineralization take place (Marin et al., 2007). Another role of the periostracum is 
preventing decalcification of the shell (Nakayama et al., 2013). The periostracum is secreted 
from the periostracal groove which is located between the outer and main folds of the mantle. 
The liquid secreted periostracum rapidly becomes insoluble and sclerotized by a quinone-
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tanning process (Waite, 1995, Marin et al., 2007). The shell pigments which create the colour 
of the shell are deposited in this layer (Comfort, 1951, Bandaranayake, 2006, Cai et al., 2011, 
Budd et al., 2014). 
 
The second layer is the prismatic layer which consists of both aragonite and calcite in the 
shell structure of most molluscs (Meyers et al., 2008, Guo, 2011). In abalone, the calcite 
prismatic layer accounts for up to 50 percent of shell thickness, compared with the aragonite 
prismatic layer which constitutes about 20-30 percent. However, in different species of 
abalone the percentage of calcite and aragonite in the prismatic layer or even the presence of 
either of them is variable. For example, the shell in H. assinina and H. gigantea consists of 
both calcite and aragonite while the H. rufescens shell is only composed of calcite (Meyers et 
al., 2008, Guo, 2011).  
 
The next layer which is located right under prismatic layer in abalone shell is nacre.  It has a 
mortar brick structure and is made of polygonal aragonite tablets at around 5 to 15 µm in 
diameter (Watabe and Wilbur, 1961) and very thin organic matrix in between these tablets 
which acts like cement. The size of the tablets is remarkably uniform throughout the nacre 
layer (Cranford and Buehler, 2012). Each tablet has been shown to grow perpendicular to the 
matrix and from a specific location on it, which is close to the centre of an aragonite crystal in 
the layer below (Crenshaw and Neff, 1969, Thompson et al., 2000, Lin and Meyers, 2005, 
Rousseau et al., 2005, Meyers et al., 2008, Checa et al., 2011, Olson and Gilbert, 2012). Each 
tablet later grow sideways until they reach one another, and form the broad mineral lamina 
which is the characteristic of the nacre layer (Wise, 1970). The organic matrix filling between 
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the tablets is actually several layers of protein sheets, which play an important role in the 
aragonite crystal formation and its growth and size, by controlling its development (Bowen 
and Tang, 1996, Blank et al., 2003, Nassif et al., 2005, Treccani et al., 2006, Gries et al., 2011, 
Checa et al., 2013). This matrix layer is about 20 to 30 nm and bonds the layer of tablets 
together while having pores in it to let two types of aragonite structures, nanoasperities and 
direct aragonite grow between the layers of tablets to form the mineral bridge (Schäffer et al., 
1997, Blank et al., 2003, Jardillier et al., 2008, Lin and Meyers, 2009, Checa et al., 2011, 
Cranford and Buehler, 2012). 
 
 This organic matrix, along with the stack of coin structure of aragonite crystals plus the 
presence of the mineral bridge, is known to have a key role in nacre toughness (Jackson et al., 
1988, Sarikaya et al., 1989, Bowen and Tang, 1996, Nassif et al., 2005, Meyers et al., 2008, 
Lin and Meyers, 2009, Checa et al., 2011).  This structure provide high resistance to breakage 
when confronting an outside pressure, which protects abalone from potential predators. 
Compared to pure aragonite the calcium carbonate presented in the nacre is about 3000 times 
tougher (Currey, 1977). Nacre is stiffer, stronger and tougher than most of artificial composite 
ceramics and its structure is one of the most intensively studied biological structures in terms 
of mechanical properties in material sciences (Jackson et al., 1988, Lin et al., 2008, Meyers et 
al., 2008) 
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1.7 Goals and Significance of the Research 
Investigations of the ecological and economic impacts of ocean acidification have become a 
focus for researchers, as well as economists and resource managers, over the past decade. 
However, the majority of the studies on ocean acidification conducted to date have focused on 
a single environmental variable: elevated CO2 and the resulting reduced pH (Dupont and 
Pörtner, 2013). Although important, these studies are unrealistic in an environmental context 
where multiple stress exposures are in place. The interactive effects of ocean acidification in 
combination with other stressors, including temperature and heavy metals, can be quite 
complex in dynamic environments and are poorly understood in molluscs. Hence, species-
specific differences can affect their vulnerability, and hence their responses to elevated CO2, 
alone or in combination with other stressors. Therefore, multifactorial experimental designs 
are necessary (Parker et al., 2013). Han et al. (2013) in his study on blue mussels, showed that 
heavy metal accompanied by ocean acidification results in higher uptake rate of heavy metals 
and increases their toxicity effect on the soft tissue. One similar study on Loligo vulgaris eggs 
and larvae by Lacoue-Labarthe et al. (2011) observed differential accumulation of heavy 
metal in larvae tissue exposed to ocean acidification. Since our studied species is cultured in 
high amounts as a food source for human populations, it is extremely important to study the 
effect of ocean acidification accompanied by heavy metal pollution on this species and 
investigate the level of heavy metal intake in abalone tissue. Thus, study of the interactive 
effects of multiple stressors (including ocean acidification, temperature and heavy metals) on 
abalone will help to identify the physiological processes that can have consequences for the 
survival and recruitment of mollusc populations facing ocean acidification. In light of this, the 
overarching goal of this research is to explore the interactive effects of multiple stressors 
(ocean acidification, temperature and heavy metal stress) on juvenile abalone. This study 
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focuses on shell microstructure and bio-mineralization, because these physiological functions 
have direct effects on the survival and fitness of the molluscs. Hence, theses factor relate to 
abalone growth and survival which are the most fundamental aspect for the aquaculture and 
its economy. 
 
This research could provide resource managers with the basic information they need to 
develop strategies for the protection of this critical and commercially important species in its 
natural habitat. . Although, our abalone is a hybrid species for the hatchery they might behave 
differently to wild stock and the native species, Therefore caution may be required. It will also 
be useful for those employed in the fisheries and aquaculture industries. Understanding how 
this species responds to ocean acidification will equip such people with the knowledge 
required to carry out suitable pre-treatment of the natural sea water to get the highest growth 
rate of abalone. They can then safely expose the species to the water to raise their products. 
The co-occurrence of other stressors such as temperature in the natural environment can 
magnify or inhibit the sensitivity of an organism’s responses to ocean acidification. This study 
provides the objective and critical data necessary for taking specific actions against the threat 
of ocean acidification in marine ecosystems. Before taking any specific actions, governing 
bodies and policy makers need the information that current studies and research can offer. 
Studies such as the one addressed here, on a broader scale, aim at creating awareness amongst 
managers and stakeholders, and help them to make informed decisions about the urgency and 
threat of ocean acidification in marine-protected areas and marine ecosystems in general. 
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The main objectives of this project is to study (1) the interactive effects of elevated 
temperature, and elevated CO2 levels (predicted by future global climate change scenarios), 
on growth, mortality and shell structure and mineral composition of the shell; and (2) to 
investigate how heavy metal contamination such as Cu accompanied by higher temperature 
and CO2 concentration in future sea water will affect metal intake in both the abalone’s shell 
and its soft tissues - for example its gills.  
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CHAPTER TWO 
2 Materials and Methods 
 
 
2.1 Experimental Methods 
The effect of ocean acidification and warming on abalone, and the effect of these climate 
change conditions on the response of abalone to pollution by a heavy metal, was investigated 
through two experiments. The experiments ran consecutively, with the abalone from the 
acidification/warming experiment subsequently used in the heavy metal experiment.  During 
each experiment, the abalone were subjected to the same pH and temperature, and 
maintenance was also the same.  
 
Data on growth and shell microstructure were gathered from the first experiment, on the 
effects of ocean acidification and warming; while data on abalone shell and gill mineral 
composition were taken from the second experiment, as responses to Cu exposure.  
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2.1.1  Setup of Experiment 1 
A set of 16 tanks holding 20 liters of seawater each were used to hold the abalone in the 
aquarium facility at the Victorian Marine Sciences Consortium in Queenscliff, Victoria. Sea 
water is drawn from the ocean and filtered thorough 40 microns mesh screen and stored in a 
large header tank of the facility.  From there it was delivered to the control (ambient pH/ 
ambient temp) tanks at a rate of ~300 ml/min. For the other treatments, each holding tank was 
connected to an individual header tank, and seawater was directed first into the header tanks 
at the same rate as for the controls. The sea water was adjusted in the header tanks, to create 
the desired environments and then allowed to flow from each header tank via a connecting 
hose into the abalone holding tank. Aquarium heaters (300W) and pH control sets (TUNZE®) 
connected to a carbon dioxide cylinder were installed on all of the required header tanks, 
creating four different treatments (Figure 2.1) corresponding to the conditions predicted by 
IPCC in 2100  (IPCC, 2007b). The heaters maintained the header tank water at the higher 
temperature where required. The pH control sets incorporated electrodes which were 
recalibrated every two weeks and checked against a hand-held HACH pH meter. The 
electrode would signal a gas valve to open if pH increased above a set value. Opening the 
valve would result in more CO2 being pumped into the sea water in the header tank to reduce 
the pH. The ambient water was also checked for its pH and temperature at intervals.  
 
 Two levels of pH (8.2 (current) and 7.6 (Future)) and two levels of temperature (ambient 
temperature and 4° higher for the future scenario) were used in an orthogonal design (Figure 
2.1).  
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Figure 2.1. The design of Experiment 1: Four treatments with four replicates in each, 
predicted pH and temperature is based on IPCC, 2007.                                            
 
Jade-Tiger hybrid abalone (Haliotis rubra-laevigata), were transported to the laboratory in 
cool boxes from the Jade Tiger abalone farm in Indented Head, Victoria, Australia, in 2010. 
The abalone were number-tagged (shell tags from Hallprint, South Australia) (Figure 2.2), 
photographed on graph paper to record their size, and 26-28 abalone were placed in each 
holding tank.  They were acclimatized in the holding tanks until feeding resumed 
approximately two weeks later, after which they were subjected to the experimental 
conditions. They came from the same age cohort, produced by Jade Tiger in (2009) and were 
of the size class (3.5-5cm, with the precision of 0.5mm). The abalone were given commercial 
food (ad libitum pellets; Skrettings abalone feed) on a regulated schedule of 3 times a week.  
Pellet residue was always removed on the day following the feeding, and abalone tanks were 
thoroughly cleaned on a weekly basis to preserve water quality.   
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The tanks were curtained, limiting their exposure to exterior lighting but still allowing the 
dark/light cycle and thus creating a similar environment to the natural habitat of abalone 
(Figure 2.3). 
 
  Figure 2.2. Abalone being number tagged at Experiment1. The smallest division on 
the graph paper is 1mm. 
 
After 100 days, the abalone were re-photographed on graph paper, and then 12 abalone from 
each tank were sacrificed to study the effect of ocean acidification and warming on the shell 
microstructure and growth. 
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Figure 2.3. Experiment 1 setup: The pH meters at the top controlled valves to feed CO2 into 
the white header tanks. For the two treatments at 4 degrees above ambient, thermistor 
controlled aquarium heaters were installed in the header tanks. Water flowed from the 12 
header tanks into the tanks holding abalone below the shade mesh. The mesh shaded 4 control 
holding tanks were supplied directly from the facility header tank.    
 
2.1.2 Shell microstructure imaging 
Scanning Electron Microscopy (SEM) can be used on any solid sample to give information 
about the surface of a specimen, and its ultra-structure, in much higher magnification and 
depth of focus than is possible using optical methods. The only requirement is that the 
specimen withstands the vacuum of the chamber and the electron bombardment. The sample 
should be devoid of water, so a drying process is needed for the samples. If the samples are 
not electron-conductive, a very thin carbon or gold coating (about 10nm) is required to 
prevent any charge build up under the electron bombardment. This will also produce a good 
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yield of secondary electrons, and hence a good quality image (Company and Optics, 2004). 
The electrons hit the samples' surface atoms and different types of signals occur as a result. 
Secondary electrons (SE), back-scattered electrons (BSE) and characteristic X-rays are three 
such signals.  
 
Back-scattered electrons occur when the electrons hit the surface and cause some of them to 
be reflected. BSE have high energy, and provide us with information about the distribution of 
different elements in the sample; when imaging using BSE, the area of the sample with higher 
atomic number elements appear brighter in the image than the lower atomic number elements 
(Goldstein et al., 1981). 
  
Impinging electrons may cause the specimen itself to emit electrons. These are known as 
secondary electrons (SE). SE have low energy and are emitted from the surface of the 
specimen, which makes them ideal for the purpose of obtaining information about the sample 
surface at a very high magnification of up to 10nm (Company and Optics). 
 
In the case of X-rays, impinging electrons cause the specimen to emit X-rays whose energy 
and wavelength are related to the specimen’s elemental composition. In this way, the X-rays 
reveal the composition of the sample and measure the abundance of elements within it 
(Goldstein et al., 1981, Company and Optics, 2004).   
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2.1.3 Shell preparation for periostracum and nacre surface imaging 
Abalone shell structure was studied using a SEM with a voltage of 15 kV (FEI Quanta 200 
ESEM) at the RMIT Microscopy and Microanalysis Facility (RMMF). The aim was to 
investigate the effects of ocean acidification on the shell layers. After 100 days of exposure, 
four specimens from each treatment were removed from the holding tanks for ultra-structure 
examination. After removal of the tissue with a blunt probe to ensure that the shell remained 
intact, the abalone shells were cleaned and rinsed with reverse-osmosis (RO) purified water 
and oven-dried at 25⁰C overnight. All samples had to be an appropriate size to fit into the 
SEM chamber sample holder. To obtain the appropriate sample size (10mm diameter), 
abalone shells were consistently cut in the same area along the shell edge using diamond 
drilling. This also made it possible to examine the part that was growing (Figure 2.4). 
Following this, the loose material from the cut pieces was removed, using an ultrasound 
device and the shell samples were mounted on SEM aluminium sample holders using double-
sided tape. In order to obtain higher resolution images and high topographic contrast, both 
carbon-coating and the use of the high vacuum mode was crucial.  To achieve it, samples 
were coated with a thin film of carbon using a carbon-sputtering machine (SPI Module 
Control, SPI Supplies, Division of Structure Probe, Inc.). In order to study the effects of lower 
pH and higher temperature conditions on abalone shells, both the nacre and the prismatic 
surface of the shell were then examined. The samples on the stub were viewed on FEI Quanta 
200 ESEM using secondary electron imaging. Digital photographs were stored on a computer 
and analysed using Image J software, and calibrated with the scale indicator presented in each 
photograph (Gaylord et al., 2011). On the periostracum images, number of holes, an estimate 
of periostracum coverage and the erosion rate was measured in each image with the 4 
replicates in each treatment. Erosion rate was estimated on the scale of 0 to 10 where 0 was no 
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erosion and 10 was the highest erosion. The rest was given accordingly, by considering 50% 
of erosion with 5 on scale bar, if the erosion percentage was more than 50%, it would be 
considered above 5 based on how much more than 50% erosion it showed. The same 
approach was taken for erosions less than 50% and the scale given was lower than 5. 
 
 
Figure 2.4. Abalone shell. The black circle shows the location of the drilled part (10mm in 
diameter). 
 
2.1.4 Shell preparation and imaging for cross-sections  
To investigate the extent of the environmental effects on each layer of abalone shell, SEM 
images of cross-sections of the shells were analysed. Using one abalone shell from each tank, 
pieces from the same area on the shells were cut, treated and carbon-coated using exactly the 
same procedures for the nacre and prismatic imaging of the shell described in 2.1.3. The only 
variation was that the cross-sections of the shells were sanded. Sandpaper of P240, P400, 
P600, P800, and P1200 was used, each paper being attached to a ruler to enable sanding on 
the very small, cut part of the cross-section of the abalone shells. The shells were mounted on 
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the L-shaped SEM aluminium sample holders using double-sided tape (Figure 2.5). Images 
from the shells were stored on the computer and further assessed using Image J software. 
 
Figure 2.5. Abalone shells mounted on the L-shaped SEM aluminium sample holders using 
double-sided tape. The arrow is pointing to the surface that was imaged.    
 
The presence or non-presence of the periostracum, the thickness of the prismatic layer and the 
thickness of the nacre layer, the ratio of these two layers was also calculated. In a structure we 
called “Zagros” the following measurements were made, the Zagros height, the separation 
distance from one tip to another and the space between the tips of the structure and the outer 
layer of the shell were examined.  
 
In order to further investigate ultrastructural features seen in the first set of samples, a second 
set was cut -with one shell from each tank, producing four replicates in each treatment - and 
drilled using a 25mm drill on the same growing edge of the shells that had been drilled 
previously. The cut pieces of abalone shell were kept in an upright position using plastic clips 
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(Kemet) to hold them in 25mm Teflon moulds (Figure 2.6), and were embedded in epoxy 
resin (Struers Epofix Resin, with a mix ratio of 7.5 parts resin and 1 part hardener). The resin 
was polymerized for 24 hrs at room temperature. The embedded shells were cut using a slow 
speed water-cooled diamond saw (Struers Accutom-2). The sections were hand-polished with 
P240 sandpaper, then P400, P600, P800 and P1200 sandpaper. They were then polished with 
Metadi diamond suspensions at 9 µm, 3 µm and finally 1µm diamond particle size for 15 
minutes each, using an automatic lapping and polishing unit (Kent 3, Engis, Ltd). The shell 
cross-sections were imaged using both secondary electron imaging and back-scatter imaging. 
EDX survey spectra were used to determine the amount of Ca presence on surface of each 
layer of abalone shell in each of the treatments.  
 
 
Figure 2.6. Abalone shell pieces in 25 mm diameter Teflon moulds 
 
 
2.1.5 Surface analysis using energy dispersive X-ray (EDX) 
An Oxford Energy Dispersive Spectroscope (EDS) attached to an FEI Quanta 200 
Environmental Scanning Electron Microscope was used for energy dispersive X-ray 
microanalyses (EDX) for Calcium (Ca) in the abalone shell cross section samples from the 
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resin embedded samples. Analyses were accomplished at an accelerating voltage of 30 kV 
with a working distance of 10mm. To determine the Ca concentration, X-ray net counts were 
obtained at random locations of the same structure on the stub. All the fibre samples were 
carbon coated before the EDX analysis. 
 
2.1.6 Shell growth  
In order to measure the growth of the abalone and the way in which this may be affected by 
future ocean acidification and ocean warming, the abalone were tagged and photographed on 
graph paper at the beginning and at the end of Experiment 1, after 100 days (Figure 2.7). Shell 
length was measured using Image J software, from the centre of the spire to the growing edge, 
on an axis that passed through the most recently formed respiratory pore seen on both images 
at the beginning and the end of the experiment. The difference in shell size between the two 
time points was evidence of growth.  
 
    
Figure 2.7.  A. Abalone shell at the beginning of Experiment 1. B. The same abalone 
shell at the end of Experiment 1. The line shows the part measured as shell length in this 
study. 
B A 
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2.1.7 Tube worm coverage 
To study the effects of the near future condition of ocean acidification and warming on tube 
worm coverage on abalone shells, general tools within the widely used and relative 
inexpensive software package of Photoshop version 8 from Adobe were applied.  Photoshop 
software has been used previously for image analysis and measuring the areas on other types 
of  images (Dietz and Steinlein, 1996, Lehr et al., 1997, Lehr et al., 1999, Vilaplana and 
Lavialle, 1999, Mofidi et al., 2003, Kirkeby and Thomsen, 2005). In this study the same 
method as Kirkeby and Thomsen (2005) was followed to determine the tube worm coverage 
on the abalone shells. The tube worm coverage on individual abalone was measured at the 
beginning and at the end of the experiment 1. The difference in tube worm coverage from the 
same abalone in each treatment was calculated and graphed. 
 
2.2 Experiment 2: Effects of exposure to copper  
320 abalone from the previous experiment were used for this experiment. In order to add the 
Cu as another factor to the experiment, the number of abalone tanks (Figure 2.8) were 
duplicated by using the current header tanks as abalone tanks. The flow from each header to 
the tank below was disconnected, so that every tank was isolated and the original abalone 
holding tanks were set up so they were supplied directly from the central facility. The tanks 
were shaded using a large curtain, installed on top of the whole set-up to create a dark room, 
and the heaters and pH control set were installed on each of the required tanks. Air bubbling 
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lines were placed in all of the tanks as a means of keeping the water aerated during the Cu 
exposure period.  After setting up the tanks, each of which had a 20-litre water volume 
capacity, the abalone from the previous experiment were chipped off with plastic cards and 
ten abalone were placed in each tank (Figure 2.9). They were then given two weeks to settle 
prior to their Cu exposure.   
 
Figure 2.8.  Schematic of the set-up for Experiment 2. There are four replicates in eight 
treatments, with a total of 32 tanks and ten abalone in each tank. Predicted pH and 
temperature is based on IPCC, 2007.   
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Figure 2.9. The set-up for Experiment 2 
For the purpose of creating the Cu exposure, the current flow system was arrested and the 
experimental set up changed to a static condition. Each tank was supplied with air lines to 
keep the water aerated in all treatments, regardless of whether or not they had Cu. In order to 
maintain the same condition and amount of stress for abalone in all treatments, all tanks were 
cleaned and emptied. The tanks intended for the Cu treatment were filled with 20 litres of the 
water with 40μg Cu/L of Cu, while the tanks that were to be free of Cu were filled with 20 
litres of ambient sea water.  The Cu solution (from sulphate-form salt) was added to half of 
the abalone tanks in each combination of pH and temperature. The experimental design was a 
3-factor orthogonal experiment. All the tanks were maintained at the experimental pH and 
temperature during the Cu exposure.   
 
The Cu salt was dissolved in one litre of sea water and then added to 499 litres of sea water to 
produce the right concentration. The abalone were exposed to a Cu concentration of 40μg 
Cu/L, which is about half of the reported LC50  for abalone (Gorski and Nugegoda, 2006b). 
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The copper-exposure duration was 48 hours, following which the abalone were again exposed 
to clean sea water, via the flow-through system, for a further two weeks. This means the 
abalone at the end of this experiment were exposed to the altered pH and temperature 
constantly for a period of six months. To ensure that the Cu concentration remained steady in 
the Cu-treated tanks during the exposure time, the Cu concentration was measured with 
Porphyrin Method, LR (1 to 210 µg/L) and also double-checked using flame-atomic 
absorption spectrophotometry (Varian SpectrAA 220) with background correction. The sea 
water with Cu in the Cu exposure tanks was replaced after 40 minutes at the start of the 
exposure to ensure that there was no loss of Cu by adsorption onto the walls of the tanks and 
that the concentration remained steady for 48 hours. Also the abalone in the header tanks 
received fresh sea water replacement after 40 minutes to give the same amount of disturbance. 
One abalone from each tank (four from each replicate) was sacrificed at three different times 
during the second experiment - one before Cu exposure, one right after 48 hours of exposure, 
and another at the end of the experiment, after having been in clean water again for two weeks. 
Gill and shell samples were taken as a means of measuring elemental concentration in abalone 
gills and shells from different treatments.  
 
2.2.1 Inductively coupled plasma mass spectrometry (ICP-MS)  
Inductively coupled plasma mass spectrometry (ICP-MS) is a process which measures metal 
and non-metal ions at a very low concentration - as low as one in one trillion. To obtain the 
concentration of a metal in the samples, the samples need to be ionized, which involves 
completely dissolving them. Since ICP-MS is able to read very low concentrations of ions, 
extra care needs to be taken throughout the whole procedure of sample preparation to ensure 
cleanliness, and to avoid the risk of contamination. The sample, typically in liquid form, is 
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pumped into the sample introduction system, which is made up of a spray chamber and 
nebulizer. It emerges as aerosol droplets (Thomas, 2001). The plasma dries the aerosol, 
dissociates the molecules and forms singly-charged ions, which are directed into a mass 
filtering device known as the mass spectrometer. Upon exiting the mass spectrometer, ions 
strike the first dynode of an electron multiplier, which serves as a detector. The ions then 
become measureable pulses. The software compares the intensities of the measured pulses 
with those from the standards which make up the calibration curve to determine the 
concentration of the elements (Instruments, 2001). 
  An abalone’s gill is the only organ that comes in direct contact with the environment and sea 
water. For this reason, an abalone gill can be a good indicator of the effects of  environmental 
changes on these animals (Harris et al., 1999). Four abalone gills from four different abalone 
(replicates) in each of the eight treatments were taken from a -80oC freezer for the ICP-MS 
analysis. To prepare the samples for the analysis, the samples were freeze-dried overnight to 
remove all of the water in the gill tissue. The amount of the gill which was needed for the 
experiment was calculated with the aim of obtaining a Total Dissolved Solution, or TDS, of 
less than 0.2%. Based on the TDS, 0.03 grams of the frozen dried gills were digested in the 
highest quality, seventy percent-concentrated nitric acid (Analytical Grade). Glass tubes were 
used for this purpose, with glass lids placed on them to avoid ion loss through evaporation 
during the heating process. The digestion procedure commenced at 100 oC for two hours, 
using dry heating blocks. After digestion, the samples were cooled at room temperature in the 
laboratory. After adding some double-distilled water to rinse the tube wall, the contents of the 
glass tube were filtered through 0.45 micron syringe filters to ensure that no grit or biological 
material remained to clog the ICP-MS. 
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The digested solutions were mixed with double-distilled water in volumetric flasks to achieve 
the 2% nitric acid solution. A series of dilutions ranging from non-diluted solutions to those 
diluted 10, 100 and 1000 times, from four samples - one from each treatment with Cu -  were 
made to determine the best dilution for the ICPMS analysis of the gill samples. From the data, 
it was concluded that 10x dilution of the samples was best for the determination of ions by 
ICP-MS.   
 
Based on our trial experiment, the samples were diluted 10 times to drop below the detection 
level of the ICP-MS device (Table 2.1). Finally, the diluted samples were transferred to 
tightly capped, 10ml acid-resistant Nalgene tubes for analysis. 
 
Table 2.1.  Substances and their Minimum Detection limit for the ICP-MS device. 
              Substance Limit of instrument (ppm) 
Ca <0.01 
Mg <0.01 
Cu <0.01 
Na <0.01 
Zn <0.02 
K <0.01 
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Determinations of the Copper (Cu), Calcium (Ca), Sodium (Na), Zinc (Zn), Magnesium (Mg) 
and Potassium (K) in the abalone gills from different treatments were made using Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) (Agilent Technologies, Model 4500 series 
300). The proportions of the Cu, Ca, Na, Mg, Zn and K were calculated from the total known 
mass of the abalone gill, together with the dilution factor. 
 
One whole shell from each treatment, comprising 4 replicates in each treatment with a total 
number of 32 shells, was separately crushed into pieces with a hand mortar. The mortar was 
cleaned and rinsed several times with double-distilled water and then oven-dried after each 
shell crushing. To make a fine powder, all the pieces from each shell were taken aside and 
crushed further with an electronic grinder (Retsch RM200, MEP Instruments) for 15 minutes 
in a closed chamber (Figure 2.10). The whole device was cleaned and wiped with double-
distilled water several times before being air-dried for the next shell grinding. The fine 
powder was weighed to 0.011 grams to ensure a TDS of less than 2%. The weighed powder 
was then separately dissolved in concentrated nitric acid, following the same procedure 
outlined above in the gill preparation section. Briefly, this involved keeping the temperature at 
100oC for two hours and filtering and adding double-distilled water to achieve the 2% nitric 
acid matrix. A series of dilutions of 0, 10, 100, 200, 500 and 1000 times were made in order 
to determine the best dilution for the ICPMS analysis of the shell samples. Determinations of 
Cu, Ca, Na, Mg, Zn and K in the abalone shells from different treatments were made using 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Agilent Technologies, Model 
4500 series 300). The proportions of Cu, Ca, Na, Mg, Zn and K were calculated from the total 
known mass of the abalone shell and the dilution factor.  
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Figure 2.10. Electronic grinder used for abalone shell grinding (Retsch RM200, MEP 
Instruments) 
 
2.3 Statistical analysis 
Analyses were performed using SYSTAT 13 software (SPSS Inc, Chicago). Differences in 
shell growth amongst all of the treatments, including the control, were tested by 2-way 
ANOVA to assess the effects of the pH and temperature treatments, and the interaction 
between these factors, since the start of the experiment. Tukey’s multiple comparisons were 
also applied only when the interaction term was significant in the ANOVA. The results were 
considered significant if p <0.05.  
 
54 
 
For statistical analysis of the data from SEM imaging, descriptive statistics such as means 
were used for all of the measured features, the exception being the ratio of the prismatic-to-
nacre thickness for which the arcsin of the square root of their mean in each treated replicate 
was applied for numerical variables. Two-factor analysis of variance was applied to the data, 
using shells as replicates within treatments. Categorical variables were summarised for low or 
high pH and low or high temperature. When the interaction term was significant in the 
ANOVA, a further Tukey’s multiple comparisons were also applied. The results were 
considered significant if p <0.05. The Tukey results are indicated on the related graphs in 
chapter three and the complete Tukey and ANOVA table data is presented in the appendix.  
 
For statistical analysis of the data from calcium ratio in abalone shell cross sections, repeated 
measure ANOVA was used on the different treatments and different locations on abalone 
shell cross sections. A further 2-factor ANOVA was applied for the Ca ration in each of the 
different layers of abalone shell in different treatments and Tukey’s multiple comparisons 
were also used only when the interaction term was significant in the ANOVA. The results 
were considered significant if p <0.05. The Tukey results are indicated on the related graphs 
in chapter three and the complete Tukey and ANOVA tables are presented in the appendix. In 
the case of periostracum erosion rate, since the data is non-paramatric, two way ANOVA 
design for ranked data, The Scheirer-Ray-Hare extention of the Kruskal-Wallis test, has been 
applied (Sokal and Rohlf, 1969).  
 
The data from the second experiment which was a 3-factor design, were analysed with the 3-
way ANOVAs. The data were further analysed by Tukey’s multiple comparisons if the 
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ANOVA results in the interaction term were significant to investigate the differences between 
the treatments. The results were considered significant if p <0.05.  The complete Tukey and 
ANOVA table data is presented in the appendix. 
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CHAPTER THREE 
3 Results and Discussion: Shell Microstructure 
 
This chapter presents all of the results and discussions arising from the Experiment 1 samples. 
The method of sample preparation, together with measurements, is described in Chapter Two 
of this thesis. The mortalities during our experiment was none. 
 
3.1 Growth 
Results of the study on the effects of ocean acidification and warming on abalone growth, 
when analysed by a two-way ANOVA showed that there was no significant effect of 
temperature on growth (P= 0.55, F=0.38, DF=1) while a significant effect of pH and of the 
interaction between pH and temperature (P= 0.001, F=37.3 and 93.5 accordingly, DF=1) was 
evident. The results of the pairwise Tukeys tests confirmed that at ambient temperature there 
was less growth at low pH than at high pH. i.e. ambient temperature, low pH caused a 1.43% 
reduction in abalone shell size (P= 0.001), while at high temperature there was no significant 
effect of pH on growth (P= 0.55) (Table 3.1). The highest growth was recorded with ambient 
pH and temperature (Figure 3.1). However, in higher temperature and lower pH, higher 
growth was observed than when the higher temperature was accompanied with ambient pH.  
This shows that both of the major ocean change stressors play a role in the potential species' 
responses, and that in a region where warming is the most important contemporary ocean 
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change stressor (Lough and Hobday, 2011, Byrne et al., 2013), lower pH may be less 
detrimental than predicted. 
 
Table 3.1. P values of 2-factor ANOVA analysis on the effect of pH, temperature and 
interaction of these two factors on abalone growth rate.  
Factors Growth rate 
Temperature 0.548 
pH <0.001 
Temperature*pH <0.001 
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Figure 3.1.  The "average growth" in each tank is the average of the difference in the shell 
size of each abalone in the beginning, and at the end of, the experiment. Values represent 
mean growth from four replicates, Error bars indicate the standard error of the mean. Letters 
denote significant differences by Tukey test. 
 
Growth is a physiological process, which is significantly decelerated under long-term 
exposure of marine animals to increased CO2 levels (Michaelidis et al., 2005).  In his research 
on juvenile Haliotis iris, Cunningham shows that less than 30 days of exposure to low pH 
does not have a significant effect on growth; however, he found out that as the exposure goes 
beyond 30 days, the adverse effects of ocean acidification on growth start to appear, and 
increase in line with the increasing exposure (Cunningham, 2013). Similarly, experiments on 
juvenile Veneridae (Venus clam) involving shorter exposure duration have not shown any 
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significant difference in growth, measured in terms of size, weight and net calcification 
(Range et al., 2011, Talmage and Gobler, 2011). 
   
This research indicates a reduction in shell size, which is a result of shell erosion. In addition, 
lower growth in the high temperature and high pH in comparison with the current condition of 
ambient pH and temperature was recorded. Other studies have shown a close link between pH 
conditions in the field and clam growth rates (Ringwood and Keppler, 2002), while research 
on different species of bivalve demonstrates the inhibiting effect of ocean acidification on 
growth (Michaelidis et al., 2005, Berge et al., 2006).  Moreover, Michaelidis et al. (2005) 
demonstrated that even very moderate increases in CO2 of 200 ppm above present levels led 
to a reduction in growth rate and the survival of echinoderms and gastropods, indicating that 
long-term CO2 changes may be affecting the growth of calcifying organisms. Similarly, 
Kroeker et al. (2013) in a review of 228 studies on broad range of marine organisms revealed 
reduced growth was the consequences of ocean acidification. The same conclusion was made 
by (Gazeau et al., 2013) on the pteropods larvae and (Byrne et al., 2013) on the Heliocidaris 
tuberculate larvae. Barnacles in Russia showed a significant reduction in growth rate in 
response to higher CO2 and temperature of future condition (Findlay et al. 2010). Another 
study (Britz et al., 1997) on the effect of temperature on growth, food consumption and 
nutritional indices of Haliotis midae fed a formulated diet showed that at temperatures 
between 20 and 24 °C, growth and feed consumption declined sharply. In his research, 
Cunningham also shows that 30 mm Haliotis iris had a lower survival rate at a higher 
temperature of 22 °C while the ambient temperature was around 16 to 17 °C (Cunningham, 
2013). These findings can explain the results of the current study that abalone showing less 
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growth in higher temperature treatments (with or without exposure to low pH) than in the 
ambient condition, as their feeding and health may have been affected by higher temperature. 
 
 
3.2  Evidence of shell colour 
Abalone living in lower pH environments both in high and low temperature condition 
demonstrated colour change to the shells irrespective of temperature. The shells in low pH 
condition had lighter colour than the ones in ambient condition (Figure 3.2 A).  The shell 
colour is caused by the presence of some types of pigmentation. Shell colour pigmentation 
has firm binding with the cuticle that covers the abalone shell and is the main part of the 
periostracum layer (Comfort, 1951, Bowen and Tang, 1996). The pigmentation colour is 
known to be affected by the diet and substratum in which the animal lives, and genetics also 
play a part (Comfort, 1950, Marin and Luquet, 2004, Budd et al., 2014). Some types of 
pigments that form the abalone shell colour are soluble in acid. These pigments are seen to be 
peeled from the shell when encountering an acidic environment, and can be peeled off the 
decalcified shell as thin protein lamina (Comfort, 1951). As is demonstrated in Figure 3.2 B, 
the peeling of the abalone shells in the current study are clear in the lower pH environment 
which suggests some erosion of the shell has taken place. 
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A                                                                                    B 
Figure. 3.2. A Abalone shells from different treatments at the end of the experiment. B 
Peeling on abalone shell from lower pH treatments.  
 
3.3 The effects of high temperature and low pH treatments on tube worm 
coverage 
The effects of ocean acidification and warming on the tube worm coverage of abalone shells 
were examined in the current study by measuring the change in tube worm coverage from the 
beginning to the end of the experiment, as described in Chapter Two, part 2.1.7.  
 
Tube worms on abalone shells known as Spirorbis sp. are annelid worms belonging to the 
class Polychaeta. They have white coiled shells made of calcium carbonate and are very small, 
just a few millimetres in diameter. They attach themselves to a hard surface; in this study, 
they were found on abalone shells.  
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This study showed that temperature, pH and interaction of these factors had a significant 
effect on tube worm coverage change in abalone shells (Table 3.2).  
 
Table 3.2. 2-factor ANOVA analysis on the tube worm coverage change in different 
treatments during the experiment. 
Factors P value  F value  DF    
Temperature <0.001 39.024 1    
pH <0.001 532.863 1    
Temperature*pH 0.033 5.840 1    
 
 
Figure3.3. Tube worm percentage coverage change on the abalone shells from the beginning 
to the end of the experiment in different treatments. Values represent mean tube worm 
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coverage percentage from four replicates, Error bars indicate the standard error of the mean. 
Letters denote significant differences by Tukey test. 
 
These tube worm coverages appear to be vulnerable to ocean acidification as either the 
periostracum or the worm tubes dissolves away. These tube worms also are less abundant on 
the shell. However, they seem to favour the warmer water and, when in a high pH 
environment, were more abundant in warmer than in ambient temperatures (Figure 3.3). The 
increase in tube worm coverage on the abalone shell in the warmer water conditions could be 
affecting the abalones, as noted by Freeman (2001), who stated that the presence of the 
spirorbid worms increases mud worm (Spionid) settlement, which was responsible for the 
high level of mortalities in the studied sea area in Tasmania (Hindrum et al., 1996, Lleonart et 
al., 2003a). In their study, (Lleonart et al., 2003a, Lleonart et al., 2003b) emphasised the 
necessity of controlling this spirorbid polychaete, particularly in sea-based systems. Thus, the 
warmer temperature condition that brings with it the increase of spirorbid worms is highly 
detrimental to the abalone and would be of concern. 
  
3.4 Periostracum erosion  
The shells with their faded colour were further investigated. As is mentioned in the 
Introduction chapter, the periostracum is the outermost layer of abalone shell that is in contact 
with the environment and serves to protect the abalone. In this study, the effects of ocean 
acidification and warming were investigated by examining the periostracum layer with SEM 
and assessing its response to different treatments.  As presented in Figure 3.4 A, the 
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periostracum in the ambient condition has the protein layer covering the whole area while 
those in the high temperature and ambient pH seems to be developing some holes in the 
periostracum along with smaller and less abundant lines present (Figure 3.4 B). Those in the 
lower pH condition and ambient temperature have the protein layer of the periostracum 
completely dissolved away, exposing the layer underneath to the low pH seawater 
environment (Figure 3.4 C). Interestingly, the periostracum in the lower pH and high 
temperature shows both effects of high temperature with developing holes and less lines on 
the periostracum and is also partially eroded (Figure 3.4 D).   
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A 
 
B 
 
C 
  
D 
Figure 3.4.  SEM images of the periostracum layer of abalone shells in different treatments. A 
Ambient temperature and pH. B High temperature. C Low pH. 
  D Low pH and high temperature treatment. 
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An analysis of the results reveals that the periostracum is likely to be highly affected by future 
of ocean acidification. All the measured components on the periostracum layer of the abalone 
shells are affected by all factors of pH, temperature and also the interaction of these factors 
(Table 3.3). However, it appears that ocean warming combined with ocean acidification 
seems to play a part in ameliorating the erosion that was caused by the ocean acidification. 
Periostracum coverage is significantly affected by all the measured factors of pH, temperature 
and the interaction of pH and temperature (P <0.01).  Its erosion rate is affected by two 
factors, the pH and the interaction of pH and temperature (0.05<P<0.025) and the number of 
holes shows significant difference with the temperature factor (P<0.01). The figures 3.5 and 
3.7 suggest that in the low pH treatment when the temperature was higher, the amount of 
erosion was reduced, while the number of holes created by the warmer temperature was also 
less when the high temperature was combined with low pH.  This was mainly due to the 
partial erosion of the periostracum in the low pH. In other words, in high temperature 
treatment, having less coverage of periostracum in the treatment, when accompanied by low 
pH, resulted in a smaller number of holes (Figure3.6). Similarly, no holes were detected on 
the shells at low pH and ambient temperature due to the very high erosion of the periostracum 
layer in these (Figure 3.4). However in the high pH, the number of holes created in the 
periostracum was much greater in high temperature than in ambient temperature, in which 
very few holes were present.  
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Table 3.3.  P values from 2-factor ANOVA analysis on the measurements of the periostracum 
layer in different treatments. 
Factors No. of holes (from SEM 
image with 1000X) 
Periostracum coverage 
(%) 
Periostracum erosion rate 
(1-10) 
Temperature <0.001 <0.001 0.5<P<0.9 
pH 0.002 <0.001 <0.001 
Temperature*pH 0.002 <0.001 0.05<P<0.025 
 
 
           
Figure 3.5. The number of holes in the Periostracum layer in four different treatments. Values 
represent mean number of holes seen in 500 µm² area in periostracum from four replicates, 
Error bars indicate the standard error of the mean. The value for the lower pH and ambient 
temperature is zero - this does not appear on the graph because no periostracum was left intact 
on the shells of this treatment. Letters denote significant differences by Tukey test. 
68 
 
  
 
Figure3.6. The percentage of periostracum coverage in four different treatments. Values 
represent mean periostracum coverage percentage from four replicates, Error bars indicate the 
standard error of the mean. The presence of coverage was estimated from the SEM images 
even when some parts of periostracum were present. Letters denote significant differences by 
Tukey test. 
 
Figure3.7. The periostracum erosion rate scaled from 1-10 in four different treatments. The 
value for the control treatment, or "ambient water", is zero, and does not appear on the graph. 
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Values represent mean erosion rate from four replicates, Error bars indicate the standard error 
of the mean. Letters denote significant differences by Tukey test. 
 
3.5 Erosion: the thickness of the main shell layers (prismatic and nacre) 
In order to find out specifically which layer in the abalone shell is more likely to be affected 
by the near- future condition of ocean acidification and warming, the thickness of the two 
main layers of abalone shell, ie. nacre and prismatic, in different treatments was measured. 
The thickness of each of these layers was measured on the cross-section SEM images. 
Abalone shell layers and their place in the shell cross section is demonstrated in Figure 3.8.  
 
Figure 3.8. Abalone shell layers and structure 
in the cross section, A periostracum layer. B 
prismatic layer. C unknown structure (which 
we have named Zagros) within prismatic 
layer. D nacre layer. E the forming layer of 
nacre. 
 
 
The statistical results of the ANOVA reveal that the nacre layer thickness was not 
significantly affected by pH, by temperature, or even by the interaction of these two factors. 
For the prismatic thickness in the abalone shells, pH and temperature both had significant 
effects in the ANOVA, but the interaction did not (Table 3.4). Calculating the ratio of 
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prismatic thickness to the nacre layer in each shell showed that temperature had a significant 
effect. However, the pH and the interaction of these two factors on the ratio of nacre to 
prismatic thickness was not significant but they were both very close to significance (Table 
3.4). 
Table 3.4. P values from 2-factor ANOVA analysis on the measured components in different 
treatments. 
 
Treatments Nacre 
thickness 
Prismatic 
thickness 
The ratio of prismatic to 
nacre layer 
Temperature 0.343 0.007 0.027 
pH 0.508 0.015 0.051 
Temperature*pH 0.078 0.257 0.062 
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3.5.1 Prismatic layer thickness 
The results show that pH and temperature each have a significant effect on prismatic 
thickness P<0.05, but that the interaction of these two factors did not produce 
significant effects. Low pH caused a reduction in prismatic thickness, while high 
temperatures caused an increase in this thickness (Figure3.9). The increase observed in 
the high temperature treatment was seen quite clearly (Figure 3.10 Part B), while the 
dissolved and narrower prismatic layer in the low pH treatments, both in high and low 
temperature, was evident in the SEM images. However, measuring the prismatic layer 
when it was exposed to the interaction of high temperature and low pH reveals that 
although it was being eroded away, it was still thicker than the layers in the low pH 
and ambient temperature treatment. 
 
 
 
Figure3.9. The effect of near-future conditions on the prismatic thickness of abalone 
shells in ambient and near-future pH and temperature treatments. Values represent 
mean prismatic thickness from four replicates, Error bars indicate the standard error of 
the mean. 
72 
 
 
 
A 
 
B 
 
C 
 
D 
Figure 3.10.  SEM images of different layers of abalone shells in different treatments. A Ambient 
temperature and pH. B High temperature. C Low pH. D Combination of low pH and high temperature 
treatment.  
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3.5.2 Nacre layer thickness 
The current study of the possible effects of the anticipated conditions of 2100 on ocean 
acidification and warming shows that neither pH nor temperature had a significant effect on 
the nacre thickness in abalone shells P>0.05. Nacre thickness was similar in different 
treatments, measuring around 550 to 600 µm in thickness (Figure3.11).  
 
 
 
Figure3.11. The effect of near-future conditions on the nacre thickness of abalone shells in 
ambient and near-future pH and temperature treatments. Values represent mean nacre 
thickness from four replicates, Error bars indicate the standard error of the mean. 
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3.5.3 Prismatic layer-to-nacre layer ratio  
Comparing the ratio of prismatic thickness to the nacre in the experimental abalone reveals 
that there was a non-significant trend of low pH reducing the ratio in ambient temperature but 
not at elevated temperature. Temperature had a significant effect on the ratio of prismatic 
layer to nacre layer thickness since it increased from that in ambient temperature. However, 
the interaction of these two factors did not have a significant effect on the prismatic to nacre 
layer thickness. This interaction was close to statistical significance. 
 
 
Figure3.12.The ratio of prismatic layer to nacre layer thickness. Values represent 
mean the ratio of prismatic layer to nacre layer thickness from four replicates, Error 
bars indicate the standard error of the mean. 
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The SEM images of the shell cross-section reveal that the prismatic layer becomes dissolved 
in the lower pH treatments, and was especially evident in the low pH treatment with ambient 
temperature (Figure 3.10 C). However, when the low pH was accompanied by the high 
temperature, the erosion of the prismatic layer still occurs but at a much lower rate. The 
thicker prismatic layer in the high temperature also demonstrated a faster growth of this 
abalone shell layer while it was exposed to the high temperature. Different species of abalone 
respond differently to ocean warming and acidification; Ignacio vilchis (2005) showed in his 
study that the growth of red abalone was brought to a halt in higher temperature, while green 
lip abalone growth was affected by food quantity but not ocean warming.  However, studies 
show that abalone growth mostly occurs in summer when the temperature was higher 
(Leighton and Boolootian, 1963, Shepherd and Hearn, 1983); since the current experiment 
was mostly conducted during winter and spring, the high temperature treatment of four 
degrees higher than the ambient water temperature served to create summer conditions for the 
abalone, which may have stimulated the faster growth of their shells. This was mostly evident 
in the prismatic layer here in the high temperature treatment. Melzner et al. (2011) and Duarte 
et al. (2014), in two separate research studies, suggest that the net calcification rate and 
growth of juvenile Mytilus chilensis were negatively affected by lower pH, but not by ocean 
warming or by the interaction of ocean acidification and warming.   
 
This study of the cross sections of abalone shells, and the findings in relation to the 
dissolution of the periostracum and part of the prismatic layer in lower pH treatments but not 
in nacre, led us to explore the Ca ratio in each layer of the abalone shell as a means of 
investigating whether the amount of Ca present in each layer had a link with the erosion.  
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3.6 Ca concentration ratio in different layers of abalone shell, using Energy 
Dispersive X-ray (EDX) 
The Ca concentration ratio in different layers of abalone shell was measured in order to 
investigate whether the Ca level in each of the layers are affected by ocean acidification and 
warming in the near future. It is reported as ratio because the electronic microscope beam 
measures the ratio of the desired element to all other elements at that point. This measure 
represents the ratio of Ca as a proportion of the total elemental mass of the shell, not relative 
to any other single element or biochemical such as protein. 
Table 3.5. Repeated measures ANOVA results on the calcium ratio in abalone shell cross 
sections in different treatments and different locations. 
 Source p-Value 
Between Subjects pH 0.018 
Temperature 0.646 
pH*Temperature 0.271 
 
Within Subjects Location <0.001 
Location*pH <0.001 
Location*Temperature <0.001 
Location*pH*Temperature 0.002 
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Repeated measure ANOVA analysis of the Ca ratio in abalone shells (Table 3.6) shows that 
pH has a significant effect on these ratios, while the other factors such as temperature and the 
interaction of pH and temperature do not significantly affect the Ca ratios in abalone shells. 
Ca ratios in different layers of the cross-section of abalone shells were significantly different 
in all the treatments 
 
Table 3.6. The P values from 2-factor ANOVA in the Ca ration in different layers of abalone 
shell in different treatments  
Factors Periostracum Prismatic Nacre Nacre forming layer 
Temperature 0.052 0.727 0.937 0.003 
pH 0.001 0.234 0.151 0.234 
Temperature*pH 0.049 0.930 0.482 0.011 
 
To analyse the effect and find out which particular location or structure of the abalone shell 
was most affected by ocean acidification, 2-factor ANOVA analysis of the Ca ratios in 
different structures within the cross-section of a shell from different treatments was performed 
(Table 3.6). It shows that the periostracum layer was the most affected layer of the shell, with 
the Ca proportion being significantly affected by pH (P= 0.001) and by the interaction of pH 
and temperature (P= 0.049). However, temperature shows marginal significance (P= 0.052). 
Figure 3.13 reveals that the periostracum has the least amount of Ca compared to all other 
locations studied in the shell cross-section, Studies show that periostracum mostly consist of 
protein (Nakayama et al., 2013). Meanwhile, having the lowest Ca amount does not stop the 
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acidified water from challenging this layer and affecting its existing Ca ratio. Ca is the main 
element of the shell and is shown to be affected by ocean acidification (Findlay et al., 2011). 
The change in Ca ratio in the shell could affect the integrity of ca tablets and as whole the 
shell structure might be heavily affected. As Figure 3.13 shows, the low pH produced the 
higher Ca readings in the periostracum layer, while the interaction of high temperature with 
the low pH resulted in a boost in the amount of Ca in the periostracum. In high pH treatments, 
temperature does not seem to have significant effect; however, at low pH and high 
temperature treatment increase in the Ca ratio definitely takes place in high temperature 
(Figure 3.13).  
 
The prismatic and nacre layer did not display, in their Ca ratio, significant effects of ocean 
acidification. The Ca ratio in these structures in all treatments was close to 35.   
 
The last structure that was investigated for the effect of ocean acidification on Ca proportion 
was the forming layer of nacre which is in direct contact with abalone tissue and is the last 
layer in the abalone shell cross-section (dorsal view) (Figure 3.8 E). Both temperature and the 
interaction of pH and temperature significantly affected the proportion of Ca in the nacre 
forming layer (P= 0.003, 0.011 respectively). However, the pH on its own did not show 
significant effects on this layer. Figure 3.13 demonstrates that the forming layer of nacre had 
the highest amount of Ca present, compared to all other locations studied in the shell cross-
section. This amount was close to 55, while in other structures of the shell such as nacre and 
prismatic it was somewhere around 35. This layer presents the highest amount of Ca in its 
structure in the low temperature and low pH treatment and it displayed its lowest amount of 
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Ca when abalone were exposed to the combination of the two factors of high temperature and 
low pH (Figure 3.13). In low pH treatments, temperature had a significant effect. However, in 
high pH treatments, temperature does not have a significant effect (Figure 3.13). 
 
  
  
Figure 3.13. The average Ca ratio in different locations in all treatments on the abalone shell cross-section. A 
prismatic. B periostracum. C nacre forming layer. D nacre. Values represent mean of the Ca ratio in each layer 
of abalone shell from four replicates, Error bars indicate the standard error of the mean. Letters denote 
significant differences by Tukey test. 
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3.7 SEM images of the nacre forming layer of abalone 
SEM imaging of the surface of the nacre layer of abalone shells in different treatment reveals 
how deeply they are likely to be affected by the future condition of ocean acidification and 
warming. The nacre surface of an abalone shell normally consists of polygonal tiles which 
have organic material called "intertabular matrix" sandwiched between them. (Nudelman et 
al., 2006, Mutvei and Dunca, 2008, Checa et al., 2013). SEM images of nacre from the 
ambient condition (Figure 3.14 A) reveal that the widest length on the surface of each tablet 
was approximately 15 to 20 µm. However, the high temperature environment causes the 
widest length of each tablet to reduce. In Figure 3.14 B the boundaries are not visible but the 
small pores indicate them. Therefore, much smaller tablets are created in the high temperature 
environment and the sheets between the tablets also have irregular thicknesses (Figure 3.14 B). 
The protein sheets between the tablets are dissolved and the number of pores that Mutvei and 
Dunca (2008) referred to the place for mineral bridge growth between the tablets has 
increased in number and also in size. The disappearance of the protein in this treatment needs 
further investigation in terms of the protein concentration in abalone shells in different 
treatments. In the lower pH environment and the ambient temperature, the tablets are totally 
affected and the adjacent tablets join each other without having the well-defined polygon 
profile. The intertabular matrix, which normally supplies mechanical strength (Meyers et al., 
2008), was either absent or existed in very low thickness (Figure 3.14 C). Studies on the nacre 
structure show that the organic matrix, along with the stack of coin structure of aragonite 
crystals plus the presence of the mineral bridge, have a key role in nacre toughness and 
provide high resistance to breakage when confronting an outside pressure (Jackson et al., 
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1988, Nassif et al., 2005, Meyers et al., 2008, Lin and Meyers, 2009, Checa et al., 2011). This 
could affect the abalone's life expectancy in terms of the protection that the shell is supposed 
to give and will now not be able to provide - in lower pH and ambient temperature, the shell 
will fail to protect the abalone from its potential predators. However, studies on the shell 
resistance to breakage under pressure or hardness need to investigate this effect.  In the 
combination of low pH and high temperature, the evidence show that the tablets are suffering 
from non-polygonal tablets and larger pores for mineral bridge and the intertabular matrix 
dissolution which has occurred in each treatment of low pH or high temperature (Figure 3.14 
D). This means that in the conditions we are likely to see in the future, where the abalone are 
exposed to the higher temperature and lower pH at the same time, they will be affected most.  
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A 
 
B 
 
C 
 
D 
Figure 3.14. SEM images of the nacre layer of abalone shells in different treatments.  A Ambient 
temperature and pH. B High temperature. C Low pH. D Combination of low pH and high temperature 
treatment. 
 
83 
 
3.8  A new structure found in the abalone shell 
SEM images of the shell cross-section of our hybrid aquaculture tiger abalone revealed a 
mountain-shaped structure which I call “Zagros" located inside the prismatic layer 
(Figure3.15). It looked very different to the surrounding prismatic layer, and showed evidence 
of being affected by the near-future condition of ocean acidification and warming. Su et al. 
(2002) and Lin and Meyers (2005) in their studies showed a relatively similar looking 
structure in the middle of the red abalone nacre layer, the spherulitic layer, but it has two 
major differences from the Zagros structure we found. Firstly, the spherulitic layer is formed 
in the middle of the nacre layer, contrary to the Zagros structure which is found within the 
prismatic layer. Secondly, the size of the spherulitic layer , their shape and distance from each 
other is very different from what is found in the Zagros structure; they are more circular than 
cone-shaped, the diameters of the spherulites vary from 8 to 32 µm and the average distance 
between the centre of two neighbouring spherulites are ≈14 µm (Su et al., 2002). While the 
Zagros structure height is around 150 µm in ambient condition, they are far bigger under low 
pH or high temperature environments. 
 
To understand this structure, we have analysed the Ca content within and compared it to the 
prismatic layer Ca content that surrounds it.  The Ca content in the two adjacent structures of 
the abalone shell was taken from the control group in which the abalone were exposed to the 
ambient temperature and pH.  
 
84 
 
 
Figure 3.15. Different layers in the abalone shell cross-section and the position of our new 
structure.  
 
The similar Ca content in the Zagros structure and its surrounding prismatic layer (Table 3.7) 
suggests that they might come from similar elements, but what makes them so different could 
be their crystal orientation. As we know, calcium carbonate, being the most dominant element 
in the mollusc shells, appears in two forms of calcite and aragonite. It has been shown that 
there is another form of calcium carbonate, known as "vaterite", that is more unstable. In their  
research, Tomas and Geffen (2003) stated that this form of calcium carbonate is present in a 
number of fresh water and marine fish species (Tomas and Geffen, 2003). Morales-Nin 
(1987) showed that the calcite and vaterite form of calcium carbonate could be linked to 
physiological disturbance or environmental stress (Morales-Nin, 1987). Hence, Morat et al. 
(2008) in his research showed that it is vaterite that often grows, instead of calcite or 
aragonite, in carbonate forming organisms such as fish and molluscs when they are stressed 
(Morat et al., 2008). In the case of our new structure, the vaterite could be a form of calcium 
carbonate that is growing as a result of increasing stress in the abalone, but further 
investigation is required to determine the crystal type, orientation and characteristics of this 
structure, and also to examine if the structure is a vaterite form of calcium carbonate.  
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In order to examine the possible differences of the Zagros structure with the composition of 
other layers, SEM images in back-scattered mode were taken. The difference in the colour 
gradient means the different structure of the layers of the shell. Figure 3.16 shows that the 
Zagros structure is completely different to the aragonite structure of the nacre, as it has a 
much brighter colour than the darker nacre layer and is similar to the prismatic layer in terms 
of its composition, though it is still lighter than its surrounding prismatic layer. 
 
 
Figure 3.16. SEM image of the cross-section of the shell in SSD mode. The different colour 
gradient represent the different composition of specific parts. 
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3.8.1 Is the near- future condition of ocean acidification and warming affecting the 
Zagros structure? 
In order to further investigate the ways in which this structure was being affected, the Ca 
content of the structure was analysed by 2-factor ANOVA. The results show that the Zagros 
structure only seems to be affected by temperatures (P= 0.039), but not by the pH or by the 
interaction of the two factors of pH and temperature (Table 3.7). The effect as shown in 
Figure 3.17 was a higher Ca ratio in the high temperature treatments. The Ca in this treatment 
may be linked to the greater growth in the abalone shell that was discussed earlier.  
 
 
Table 3.7. The P values from 2-factor ANOVA of the Ca ratio in the Zagros structure in 
different treatments. 
Factors Zagros structure 
Temperature 0.039 
pH 0.763 
Temperature*pH 0.599 
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Figure 3.17. Ca concentration ratio in the Zagros structure of the abalone shell in different 
treatments. Values represent mean of Ca ratio in Zagros structure in abalone shell from four 
replicates, Error bars indicate the standard error of the mean. 
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3.8.2 How the Zagros structure is likely to be affected by the near future condition of 
ocean acidification and warming?  
As evident in Table 3.8, all of the measured components (the Zagros height, the separation 
distance from one tip to another and the space between the tips of the structure and the outer 
layer of the shell (Figure 3.17)) are certainly affected by the pH.  However, the temperature 
was affecting two factors of the height and their tip separation distance but not the distance 
from the tip of the structure to the top of the shell.  Interestingly, an examination of the 
interaction of the two factors of pH and temperature shows an opposite result from the one seen 
in temperature alone. Only the tip of the Zagros structure to the top of the shell was showing 
significant effect.  
 
 
Figure3.17. SEM imaging of an abalone shell cross-section. A is Zagros height; B is 
the separation distance between the Zagros tips; and C is the space between the tips of 
the structure and the outer layer of the shell. 
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Table 3.8. Analysis of Variance: P- Value for the measured components of the Zagros 
structure. 
Treatments Separation distance               
of Zagros peaks 
Zagros height Zagros distance  to the top of 
the shell 
Temperature 0.044 0.001 0.245 
pH 0.035 0.001 0.001 
Temperature*pH 0.143 0.460 0.015 
 
 
      Figure 3.18. The separation distance between Zagros peaks in different treatments. Values 
represent mean of the separation distance between Zagros peaks in prismatic part of abalone 
shell from four replicates, Error bars indicate the standard error of the mean.  
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Results of the study on the effects of high temperature and low pH, and the interaction of these 
two factors, on the separation distance between Zagros tops reveals that individually, the lower 
pH and the temperature each have a significant effect on the distance between the tops of the 
Zagros P<0.05 but that the interaction of these two factors do not show significant effects. The 
low pH causes a reduction in the distance between the tops of the Zagros. The high temperature 
causes the same effect of reduction as low pH in this feature (Figure3.18).  
   
 
Figure3.19. Zagros height in different treatments in the near-future condition of high 
temperature and low pH. Values represent mean of the Zagros height in prismatic part of 
abalone shell from four replicates, Error bars indicate the standard error of the mean.  
 
 
Examining the Zagros height in different treatments shows that the pH and the temperature 
each have a significant effect on Zagros height (p=0.01) but the interaction of these two factors 
do not produce significant effects. Low pH and high temperature each cause an increase in 
Zagros height (Figure3.19). 
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Figure3.20. Distance from the top of the Zagros to the top of the shell. Letters denote 
significant differences by Tukey test. Values represent mean of the Zagros distance from the 
top of the shell from four replicates, Error bars indicate the standard error of the mean. Letters 
denote significant differences by Tukey test. 
 
 
 
An examination of the distance from the Zagros top to the top of the shell reveals that 
temperature has no significant effect on the distance between these two points. However, the 
pH alone shows a significant effect on these points. There was a significant effect between the 
high pH and low pH regardless of temperature level. The interaction seems to be that the effect 
of pH is greater at the lower temperature than at the higher temperature (Figure3.20).  
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In the ambient condition, the distance from the Zagros top to the top of the shell is higher than 
that seen in any of the other treatments. This could lead us to conclude that either the prismatic 
space was larger or the Zagros structure was smaller. By investigating the height of this 
structure in the ambient condition of low temperature and high pH, we see that the height of the 
Zagros was smallest in the control condition. However, the results of the prismatic layer 
thickness show that compared to other treatments, the prismatic was not at its thickest in the 
ambient water situation.  
 
Zagros tend to grow higher in the manipulated situation than in the ambient situation, and stress 
could actually be the result of this structure growing more in abalone shells. As is evident, the 
highest Zagros are produced by the treatment containing both stress of the high temperature and 
lower pH. This finding requires a lot more investigation before we can draw conclusions; 
however, if our theory does prove correct, the Zagros structure height may become a 
measurable factor in examining the extent to which the animals are under stress.  
 
The SEM image on the whole cross-section of the shells shows the effect of each treatment on 
abalone shells particularly in relation to the new structure of Zagros. As can be seen in Figure 
3.21 Part A, the Zagros structures are located within some distance from each other, and do not 
seem to be growing greatly widthways - therefore, they are not joining each other. In contrast, 
in all of the other treatments that contained one or two stressors on abalones, these structure are 
seen to be growing more and joining each other to form a wall-like gap between the nacre layer 
and the prismatic layer.    
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A 
 
B 
 
C 
 
D 
Figure 3.21.  SEM images of the entire cross section of abalone shells in different treatments.   
A Ambient temperature and pH. B High temperature. C Low pH. D Combination of low pH 
and high temperature treatment. The images show 4 mm length of the shell. 
 
Overall, the Zagros structure is shown to be affected by environmental factors such as pH or 
temperature or the combination of these two factors. These structures seem to grow in size 
under stressful conditions. This might be a response to the stresses in the environment to make 
the abalone shell stronger but further studies are required to show the role of the Zagros 
structure in abalone shell hardness and resistance to breakage.    
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CHAPTER FOUR 
4 Results and Discussion: Elemental Composition of 
Abalone Shell and Gill  
 
4.1 Introduction 
This chapter presents the results of the Experiment 2 on the effect of Cu toxicity on abalone 
shells and gills exposed to the future water condition of high temperature and low pH. The 
methods of sample preparation and measurements of the elemental composition, is described in 
Chapter two of this thesis. This study evaluated the effects of heavy metal contamination (Cu) 
on abalone in near-future condition based on the composition of the shell and gills.  Gills are 
crucial for their oxygen delivery role. Shells have an important role in providing protection for 
abalone (Russell and Evans, 1989, Harris et al., 1999).  It is also suggested they are an effective 
detoxification mechanism by acting as a toxic waste `dump'. The abalone removes toxic 
chemicals from its tissue by relocating them in its shell. (Walsh et al., 1994, Lin and Liao, 
1999).  Thus both the shells and the gills are important in maintaining abalone health, and their 
composition is a useful indicator of stress from exposure to trace metal pollution in these 
organisms. The mortalities during our experiment was none, however, during the heatwave 
when the higher temperature reached the maximum of 25 °C for few days, the abalone were not 
sticking to the tank as strong as the abalones in ambient condition, which was implying of the 
non-healthy environment for them. 
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4.2 Effect of copper toxicity in the near-future water condition on elemental 
composition of juvenlie abalone shells 
The elemental composition of the abalone shells exposed to the low pH and high temperature 
and also to Cu is illustrated in Table 4.1.  In this study the concentration of the major elements 
Ca, Mg, Na, and K, and the trace elements Cu and Zn in shells were investigated to evaluate the 
elemental composition of the shells. Ca, Mg, Na, and K are the essential major elements of 
abalone metabolism (Swinehart and Smith, 1979, Shearer, 1984, Leong and Manahan, 1997, 
Hooper et al., 2007, McClintock et al., 2011). Cu and Zn are heavy metals which can be 
bioaccumulated in abalone tissue or shell. Change in the major elements,  especially deficency 
in them, or  accumulation of heavy metals in the abalone could creat a chain of problems for 
the abalone itself and can also be passed down the food chain, effecting the ecosystem (Hyne et 
al., 1992, Lin and Liao, 1999, Temmam et al., 2000, Richardson et al., 2001, Wang et al., 
2009). 
 
 
 
 Mg concentration had a sigificant intraction of pH and temperature and Cu (P=0.040). None of 
the other studied elements showed significance for any factors or intractions (Table 4.1). 
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Table 4.1.  P values from 3-factor ANOVA analysis on element content of the abalone shell in 
different treatments. 
Factors  Mg Na Ca Cu Zn K 
Temperature 
 
0.887 0.517 0.378 0.367 0.487 0.147 
pH 
 
0.823 0.473 0.536 0.507 0.057 0.373 
Cu 
 
0.236 0.967 0.587 0.186 0.168 0.709 
Temperature*pH 
 
0.527 0.137 0.855 0.341 0.607 0.170 
Temperature*Cu 
 
0.901 0.975 0.552 0.367 0.647 0.655 
pH*Cu 
 
0.694 0.484 0.320 0.507 0.243 0.444 
Temperature*pH*Cu 
 
0.040 0.554 0.583 0.341 0.287 0.701 
 
 
Mg was the only element in abalone shells showing significant difference with the interaction 
of all stressors of pH and temperature and Cu when analysed by analysis of variance P= 0.040 
(Table 4.1).  However, when comparing pairs of treatments by the Tukey test, none were 
significant (Table 4.2). The Mg concentration in the shell was varied among the abalone shells 
even from the same treatment which has made the standard errors large and did not show 
statistical difference when analysed further by Tukey analysis. Several studies on bivalves 
reveal that Mg concentration in the shell is affected by high temperature and also by salinity 
(Pikey and Goodell, 1963, Pilkey and Harris, 1966, Dodd, 1967, Zolotarev, 1974, McClintock 
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et al., 2011).  The results of the current study also showed that the Mg is significantly affected 
by the environmental stressors combined (Table 4.1). This could affect the abalone function 
and its life in the near-future condition. The experiment demonstrated that in future condition 
even a small dose of a heavy metal contamination (40μg Cu/L) and for a short period of 48 
hours exposure will affect the Mg concentration in its shell. Studies on the elemental deposition 
of the shells showed that Mg alongside  Fe and Mn play a very important role in providing a 
defensive buffer against acid attack on the periostracum of the mollusc shell (Beedham, 1958, 
Swinehart and Smith, 1979). This could affect abalone defence system in the future as in the 
abalone most important defence system is their shell protection (Bevelander, 1988).    
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Table 4.2. Tukey's Honestly-Significant-Difference Test for Mg content of abalone shell in 
different treatments. 
        Treatments             Treatments P-Value 
HighT-HighpH-Cu HighT-HighpH-Non Cu 1.000 
HighT-HighpH-Cu HighT-LowpH-Cu 1.000 
HighT-HighpH-Cu HighT-LowpH-Non Cu 0.973 
HighT-HighpH-Cu LowT-HighpH-Cu 0.982 
HighT-HighpH-Cu LowT-HighpH-Non Cu 0.944 
HighT-HighpH-Cu LowT-LowpH-Cu 1.000 
HighT-HighpH-Cu LowT-LowpH-Non Cu 1.000 
HighT-HighpH-Non Cu HighT-LowpH-Cu 1.000 
HighT-HighpH-Non Cu HighT-LowpH-Non Cu 0.840 
HighT-HighpH-Non Cu LowT-HighpH-Cu 0.999 
HighT-HighpH-Non Cu LowT-HighpH-Non Cu 0.737 
HighT-HighpH-Non Cu LowT-LowpH-Cu 0.999 
HighT-HighpH-Non Cu LowT-LowpH-Non Cu 1.000 
HighT-LowpH-Cu HighT-LowpH-Non Cu 0.894 
HighT-LowpH-Cu LowT-HighpH-Cu 1.000 
HighT-LowpH-Cu LowT-HighpH-Non Cu 0.835 
HighT-LowpH-Cu LowT-LowpH-Cu 0.999 
HighT-LowpH-Cu LowT-LowpH-Non Cu 1.000 
HighT-LowpH-Non Cu LowT-HighpH-Cu 0.583 
HighT-LowpH-Non Cu LowT-HighpH-Non Cu 1.000 
HighT-LowpH-Non Cu LowT-LowpH-Cu 0.991 
HighT-LowpH-Non Cu LowT-LowpH-Non Cu 0.792 
LowT-HighpH-Cu LowT-HighpH-Non Cu 0.459 
LowT-HighpH-Cu LowT-LowpH-Cu 0.953 
LowT-HighpH-Cu LowT-LowpH-Non Cu 1.000 
LowT-HighpH-Non Cu LowT-LowpH-Cu 0.979 
LowT-HighpH-Non Cu LowT-LowpH-Non Cu 0.675 
LowT-LowpH-Cu LowT-LowpH-Non Cu 0.997 
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Figure 4.1.  The Mg content in abalone shells. Values represent mean mg content of abalone 
shells from four replicates, Error bars indicate the standard error of the mean. 
 
 
Although Ca and Na were not significantly different when analysed by the ANOVA due to 
large variability in abalone shells, investigating the graph gives an indication of the abalone 
shells reaction in different conditions. The Figures 4.2.and 4.3 show some trends but not 
significant results are shown. It is speculated that if there were more replicates, perhaps some 
differences would become significant. 
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Figure 4.2.  The Na content in abalone shells. Values represent mean Na content of abalone 
shells from four replicates, Error bars indicate the standard error of the mean. 
 
 
 
 
Figure 4.3.  The calcium content in abalone shells. Values represent mean Ca content of 
abalone shells from four replicates, Error bars indicate the standard error of the mean. 
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Figure 4.4 shows the concentration of potassium (K) in abalone shells in different treatments. 
Although the effect is not statistically significant, It is evident from individual variability that 
when exposed to Cu together with the stress of high temperature and low pH or the 
combination of these, the concentration of potassium in the shells increased (Figure 4.4).   
 
 
 
Figure 4.4.  The potassium content in abalone shells. Values represent mean K content of 
abalone shells from four replicates, Error bars indicate the standard error of the mean. 
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The effects of Cu exposure on the concentration of Zn were not significant when analysing by  
ANOVA (Table 4.1) The high standard error range in the Figure 4.5 implies the wide range of 
responses in individual abalone to the seawater conditions in each treatment. 
 
 
Figure 4.5.  The Zn content in abalone shells. Values represent mean Zn content of abalone 
shells from four replicates, Error bars indicate the standard error of the mean. 
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Cu concentration in the abalone shell among different treatments was not significant by 
ANOVA (Table 4.1). The high variability (large error bars) in the copper treatments is what 
probably prevented the statistical comparison from being significant. However, looking at the 
graph, it is clear that the mean Cu concentration in abalone shells is very different between the 
Cu and non-Cu exposures. The abalone shells with no Cu exposure did not show any Cu in 
their shells which is quite normal while those exposed to Cu show some Cu absorption. The 
absorption was highest when the abalone shells were exposed to the high temperature and high 
pH treatment while the least Cu absorption was when they were in the high temperature and 
low pH. The presence of stress in our study in the form of high temperature and or lower pH 
increased the absorption rate of Cu by abalone shells. Similarly, Han et al. (2013) found that 
the low pH of 7.7 and 6.2 caused higher concentrations of Cu in Mytilus edulis haemolymph. 
The level of Cu in his study was 30 mg/L which was higher than our introduced Cu 
concentration. Although his study was on the haemolymph, a number of studies have shown 
that the heavy metal accumulation happens in both the soft tissue and the shell but at a higher 
concentration in the soft tissue (Bertine and Goldberg, 1972, Walsh et al., 1995, Lin and Liao, 
1999).  Our results show that although abalone may have recovered from short term exposure 
to heavy metal contamination (Cu), there is individual variability in the effects on the elemental 
composition of shells.     
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Figure 4.6.  The Cu content in abalone shells. Values represent mean Cu content of abalone 
shells from four replicates, Error bars indicate the standard error of the mean. 
 
 
 
4.3 Effect of copper toxicity in the near-future water condition on elemental 
composition of juvenlie abalone gill 
The elemental composition of the abalone gills exposed to the low pH and high temperature 
and also to Cu is illustrated in the Table 4.3.  Again the concentration of the major elements Ca, 
Mg, Na, and K; and the trace elements Cu and Zn were measure for the elemental composition 
of the gills.  Mg and Na concentration each had a sigificant intraction of pH and temperature 
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(P=0.021, 0.030 respectively). None of the other studied elements showed significance for any 
factors or intrctions (Table 4.3).  
 
Table 4.3.  P values from 3-factor ANOVA analysis on element content of the abalone gill in 
different treatments. 
Factors  Mg Na Ca Cu Zn K 
Temperature 
 
0.950 0.368 0.778 0.501 0.329 0.449 
pH 
 
0.900 0.425 0.398 0.808 0.826 0.914 
Cu 
 
0.519 0.156 0.531 0.267 0.252 0.371 
Temperature*pH 
 
0.021 0.030 0.205 0.168 0.105 0.656 
Temperature*Cu 
 
0.596 0.563 0.357 0.421 0.132 0.131 
pH*Cu 
 
0.616 0.621 0.143 0.412 0.200 0.636 
Temperature*pH*Cu 
 
0.398 0.389 0.391 0.522 0.546 0.301 
 
 
ANOVA demonstrated that Mg and Na in abalone gills were significantly different with the 
interaction of the stressors of pH and temperature (Table 4.3).  However, pairwise comparions  
by Tukey test did not show any  significant differences between treatments (Table 4.4). 
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Table 4.4. P values from Tukey's Honestly-Significant-Difference Test (pair wised comparison) 
for Mg and Na content of abalone gill in different treatments. 
 
Treatment      Treatment Mg Na 
HighT-HighpH HighT-LowpH 0.293 0.728 
HighT-HighpH LowT-HighpH 0.323 0.120 
HighT-HighpH LowT-LowpH 1.000 1.000 
HighT-LowpH LowT-HighpH 0.999 0.633 
HighT-LowpH LowT-LowpH 0.314 0.769 
LowT-HighpH LowT-LowpH 0.345 0.138 
 
 
 
Mg and Na in gills showed a similar response to ocean acidification and warming. Figure 4.7 
and 4.8 show the similar pattern in the concentration of these two ions to the different 
environments in the abalone were exposed to. Mg plays an important role as a modulator for 
Na ion transport system (Bara et al., 1993).This is probably one of the reasons that the Na 
shows a similar response to  Mg.  
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Figure 4.7.  The Mg content in abalone gills. Values represent mean Mg content of abalone 
gills from four replicates, Error bars indicate the standard error of the mean. 
 
 
Figure 4.8.  The Na content in abalone gills. Values represent mean Na content of abalone gills 
from four replicates, Error bars indicate the standard error of the mean. 
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There were some variability in the calcium content in abalone gills in the different treatments 
as displayed in Figure 4.9. However, analysing the data statistically did not show any 
significant result, probably as a result if individual variability.   
 
 
Figure 4.9.  The calcium content in abalone gills. Values represent mean Ca content of abalone 
gills from four replicates, Error bars indicate the standard error of the mean. 
 
 
K concentration in abalone gills seems not to be affected by the environment stressors of high 
temperature and low pH (Figure 4.10). Zn showed small variability in different treatments but, 
analysing the data statistically did not show any significant result, probably as a result if 
individual variability (Figure 4.11). 
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Figure 4.10.  The potassium content in abalone gills. Values represent mean K content of 
abalone gills from four replicates, Error bars indicate the standard error of the mean. 
 
 
Figure 4.11.  The Zn content in abalone gills. Values represent mean Zn content of abalone 
gills from four replicates, Error bars indicate the standard error of the mean. 
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Abalone have Cu in its haemolymph in the structure of oxygen transfer molecule called 
hemocyanin which gives its blood bluish tinge (Bevelander, 1988). Abalone gills are involved 
in oxygen transport and gaseous exchange (Bevelander, 1988, Harris et al., 2006). Since Cu is 
one of the abalone blood components it is extremely important that the abalone have the exact 
amount of Cu. Cu is toxic to that abalone in high concentrations (Gorski and Nugegoda, 2006b). 
In this study the amount of Cu in abalone gills was not statistically significant with analysis of 
variance (Table 4.3). Probably, longer exposure or larger samples sizes could yield results that 
differ from what we found in our experiment.  Wong et al. (1995) found that the concentration 
of the free hydrated ion  affects the Cu toxicity to Metapenaeus ensis. This can explain the 
higher amount of Cu in the low pH treatment of our study which has more hydrated ions. If the 
exposure was longer than 48, maybe larger differences between treatments would have 
developed. Gorski and Nugegoda (2006b) in their study on the toxicity of trace metals on 
Haliotis rubra suggested that a Cu exposure of 87 µg Cu/L was toxic to abalone when it 
exceeded 96 hours. In the current study it is clear that abalone could recover from a short pulse 
exposure to Cu for 48 hours in all exposure seawater conditions ambient or with ocean 
acidification since the elemental composition of the shells and gills were only marginally 
affected. Holding the abalone in clean Cu free water for a period of 14 days was adequate for 
abalone to recover from the stress of Cu exposure. The large standard error in the graphs 
indicates individual variability in this recovery in abalone within  the same group. It can be 
speculated that if the abalone were given longer time than two weeks in the clean water, they 
might have shown  completely recovery from the Cu exposure stress. Or on the other hand if 
abalones were exposed to the higher amount of Cu or to the same amount as our study but for 
longer period, it could have adverse and significant effects. Similarly, Silva-Aciares et al. (2013) 
stated that the Cu toxicity to abalone is dose and time dependent. Gorski and Nugegoda (2006b) 
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in their study on the metal toxicity on H. rubra stated that Cu after Hg was the second highest 
toxic heavy metal in 24 hrs exposure but by increasing the exposure time to 96 hrs Cu was the 
most toxic ahead of the Hg affecting the health of H. rubra. It is also possible that the species 
used in the current  study, being a hybrid, could be less sensitive to Cu pollution than H. rubra. 
However, further studies are required to investigate this idea.  
 
 
Figure 4.12.  The Cu content in abalone gills. Values represent mean Cu content of abalone 
gills from four replicates, Error bars indicate the standard error of the mean. 
 
 
 Comparing the data from the shells and gills suggests that the elemental composition in the 
shells are much more varied even for abalone from the same treatment. The recovery time of 
two weeks provided in this experiment seems to be less effective for the shells than the gills. 
Comparing the figures for the shells and gills reveals that the elemental component in gills 
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were similar for the Cu and non-Cu exposure treatments while this is not the case for the shells. 
It is acceptable that it will take longer for the shells to react to the Cu exposure than gills; they 
will also take longer to recover and return to the pre-Cu exposure treatment concentrations. 
Gills are in closer contact with blood stream in abalone rather than the shells. This gives the 
gills the trait of being affected by the Cu concentration in the environment sooner than the 
shells.  Gorski and Nugegoda (2006b) suggest that the Cu concentration in the water column is 
absorbed by the haemolymph in abalone and is distributed within the abalone tissues. Cu is 
known as an important part in the oxygen transport e role of the blood and also the blood has an 
important role in Cu distribution in abalone (Haliotis cracherodii and Haliotis rufescens) 
tissues (Martin et al., 1977).   
 
Many studies have investigated the Cu content in abalone and found that the gill contains a 
large proportion of accumulated Cu and is the first organ in abalone to react to Cu pollution in 
the environment (Bryan and Langston, 1992, Hyne et al., 1992, Wong et al., 1995, Viant et al., 
2002, Le Moullac et al., 2007). Abalone is one of the first marine molluscs to react to the Cu in 
the environment when compared with  other marine molluscs (Lakshmanan and Nambisan, 
1989, Anandraj et al., 2002).  It can be concluded that the abalone gill is one of the first organs 
among all organs in marine molluscs to react to heavy metal contamination, especially Cu. This 
study also shows that the abalone gills are faster in recovering than abalone shells when the 
abalone are removed from the Cu contamination. Similarly, Gorski and Nugegoda (2006a) 
found in their study that  H. Rubra within 14 days depuration, had a significant loss of Cu from 
its tissues and suggested a Cu biological half-life of 14 days for H. rubra tissues (Gorski and 
Nugegoda, 2006b). This trend of efficient depuration of Cu has also been reported in other 
molluscs (Viarengo et al., 1987, Roméo and Gnassia-Barelli, 1995, Anandraj et al., 2002, 
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Zorita et al., 2007).  Studies suggest that Cu can be efficiently removed from cellular processes 
by chelators such as glutathione and metallothioneins increasing the ability for Cu to be 
detoxified (Viant et al., 2002).  
 
Studies reveal that metal solubility and the concentration of bioavailable ions are affected by 
the pH and temperature of the environment. Metals have shown to be less soluble under 
alkaline conditions (pH = 8.0) and their solubility is higher when under slightly acidic 
conditions (pH = 5.0), and increased drastically when pH was kept at 3.3 (Chuan et al., 1996). 
The proportion of Cu as bioavailable cupric ions increases at lower pH concentrations (Bryan 
and Langston, 1992, Silva-Aciares et al., 2013). Heavy metal toxicity also increases with 
elevation in temperature (Pietrock and Marcogliese, 2003, Khan et al., 2006, Soliman, 2009). 
Research by Khan et al. (2006) found that when the temperature rises from 20 to 27 °C the Cu 
toxicity and adverse effects on the organism increased by 50 percent. However, in the current 
study, investigating the effect of future water conditions predicted for the year 2100, the pH 
was 7.6 and the temperature reached a maximum of 25°C during exposure in summer when the 
ambient temperature reached 21°C. The studied pH was higher and the temperature was lower 
than what was known to be effective in the trace metal solubility and toxicity to marine 
molluscs. This is the possible reason for the lack of significant effect of the trace metal  (Cu) 
pollution on abalone in the future condition of 2100. On the other hand, the pattern of the effect 
showed  on the figures suggest that and it is possible that if any  of these stress factors were 
increased, the abalone might be adversely affected.    
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CHAPTER FIVE 
5 Conclusion and Future Perspectives 
 
5.1 Conclusion  
This thesis addressed the aims of this study which was to investigate the effect of ocean 
acidification and warming on aquacultured Jade-Tiger hybrid abalone (Haliotis rubra x 
laevigata). Abalone aquaculture is a big industry and the farms are the land based systems with 
the flow-through system which requires high pumping system. Studies shown that low pH 
caused by abalones density producing carbon dioxide and metabolic waste products, and 
ammonia build up in the water affect the water quality and in terms affect the abalone health 
and growth significantly (Sanni and Forsberg, 1996, Huchette et al., 2003, Piedrahita, 2003, 
Colt et al., 2009, Naylor et al., 2011, Naylor et al., 2014). In addition, climate change could 
worsen these pH concerns. However in our study, the results indicate that under the climate 
change conditions we can expect to experience in the near future, ocean warming will mitigate 
the effect of ocean acidification on this commercial species of Halitois.  However, ocean 
acidification caused different responses in different measured features of abalone in this study. 
 
Studying growth in abalone shells exposed to near-future conditions reveals that the ambient 
pH and temperature offered the best conditions for abalone and the highest growth was 
recorded. In low pH treatments abalone growth showed different patterns when exposed to 
115 
 
different temperatures. When low pH was combined with ambient temperature, the average 
percentage of shell length significantly decreased by 121% and the abalone in this treatment 
ceased growth. However, the combination of low pH and high temperature produced some 
growth. This underlines the importance of considering both of the major ocean change stressors 
when assessing potential species' responses, especially in a region where warming is the most 
important contemporary ocean change stressor. 
 
Although an investigation of ocean acidification and warming on the thickness of nacre layer 
did not reveal significant effects, its surface, which is the layer adjacent to the abalone body, 
has certainly been affected. Both its polygonal tiles and the intertabular matrix were affected in 
terms of their size and shape and the presence of pores in the layer. The lower pH treatment 
caused the dissolution of the intertabular matrix, while the high temperature caused a larger 
number of pores to appear and resulted in smaller tablet sizes. In the interaction of the two 
factors of low pH and higher temperature, the evidence shows that the tablets become non-
polygonal and larger pores have formed in the mineral bridge, and there was evidence of  
intertabular matrix dissolution occurring in each treatment of low pH or high temperature. 
 
Measuring the thickness of the prismatic layer showed that low pH causes a reduction in 
prismatic thickness, while high temperatures cause an increase in this thickness. However, the 
interaction of these two factors did not produce a significant effect on the prismatic thickness. 
This results remains to be investigated further. 
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The most severe effect was on the periostracum layer. The ocean acidification eroded this 
protective layer, thus exposing the lower layer of prismatic directly to the acidified water. 
Ocean warming did mitigate the erosion of the periostracum layer, but this erosion also 
happened in parts of the shell, which means that the acidified water will reach the lower layer 
of prismatic and cause damage, albeit at a lower rate.  
 
The Zagros structures were all affected by ocean acidification. In the simulated future ocean 
environment which involved one or two stressors of pH and/or temperature, the Zagros 
structure was shown to grow higher and thicker in terms of its width. It could be concluded that 
stress could cause the formation of Zagros structures of higher density with change in ocean pH 
and temperature.  
 
Previous studies have shown that different abalone species have different amounts of calcite, 
aragonite or both in the shell. None revealed any structure like the "Zagros" structure seen in 
the prismatic layer of the abalone shells in the current study. It is possible that this structure 
exists as a result of the species used being a hybrid. However, to investigate this claim, further 
SEM imaging of the cross-section of the blacklip and greenlip abalone is necessary. 
 
The faded shell colour in the lower pH treatments suggested some erosion of the shell, which 
was also seen in the SEM images of the periostracum and the cross-section of the shell and 
confirmed by the shell growth data. The research here indicates a reduction in shell size, which 
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is a result of shell erosion. This is evident from both the shell colour and the SEM images in a 
lower pH treatment in the ambient temperature. 
 
The study of the elemental composition of the abalone shell and gills in different treatments 
revealed that Mg concentration in both abalone shells and gills was significantly affected by the 
future conditions simulated in our studies. Mg has been proven to play a very important role in 
providing a defensive buffer against acid attack on the periostracum of the molluscs (Swinehart 
and Smith, 1979). It was already observed, in chapter 3, the extent to which the periostracum 
will be affected by the lower pH condition in the future. This, in combination with the 
important role of Mg in periostracum protection in acidic waters and the increased 
bioavailability of trace metal pollutants like Cu in the already-acidified water predicted for 
2100, could cause severe deterioration of the periostracum, putting abalone at great risk in the 
future. 
 
The current study on Cu accumulation on the abalone shell and gills reveals that abalone gills 
recover faster than the shells after return to the ambient conditions. Although no significant 
effects of ocean acidification and warming interaction with the Cu as a metal pollutant were 
observed, the pattern of the effects suggests that if the Cu exposure was for a longer period or 
in higher concentration, it may affect the elemental concentration of the abalone shells and gills, 
especially Cu concentration. High Cu concentrations are considered toxic in the marine 
environment because they affect the physiological and biochemical functions of organisms. 
Previous studies have shown that under extreme conditions, physiological changes induced by 
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Cu can even cause the death of the organism (Hooper et al., 2007, Vosloo et al., 2012, Silva-
Aciares et al., 2013). 
 
Our study has shown that ocean warming slows the adverse effect of ocean acidification 
occurrence in terms of shell growth, periostracum erosion, prismatic thickness and shell colour 
change. However, ocean warming has its own risks and disadvantages for abalone. In their 
study, (Lee et al., 2001) showed that an outbreak of vibriosis (an infectious disease in abalone) 
is associated with the warm water conditions of ocean warming. This may suggest that 
although in our experiment the abalone were exposed to the future condition for a relatively 
short period, ocean warming may reduce the adverse effect of ocean acidification as an 
immediate reaction. However, it could also affect the health of the abalone and jeopardise its 
survival in the future ocean conditions. 
 
 
5.2 Future Perspectives 
Further work on staining the calcite and aragonite to determine the exact percentage of each 
calcium carbonate forms in the shell and extracting protein from the shell, is important in order 
to understand the role of protein in the creation of the shell structure. Also measuring the 
protein in the last layer of the nacre in the exposed abalone shells may reveal the proteins that 
are affected by ocean acidification and warming, along with their role in filling the gaps 
between tiles in the periostracum. 
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With regard to the Zagros structure, further studies on the structure, its crystal orientation, 
protein and mineral composition and its differences from its surroundings in terms of hardness, 
protein and mineral composition are recommended. Also, in order to investigate the possibility 
of the presence of this structure in other types of abalone, it is recommended that SEM analysis 
of different species of abalone be conducted.  
 
Any changes in the hardness of the shell structure and its resistance to breakage within its 
environment need to be investigated. The dissolution of the periostracum that is evident in the 
current study could affect the shell strength and defence mechanisms of the abalone, which 
could then result in abalone extinction in the future. Further investigation of this effect is 
warranted. 
 
From the  experiments in this study, the following samples remain and can be used for further 
analysis. One of the gill's arches was frozen at -80˚C and can be used in an ATPase assay. The 
other gill arches were wax-mounted and are ready to use in the making of slides and the 
assessment of the necrosis of gill lamellae exposed to the different treatments. Other tissues, 
including the following have been wax-mounted: epipodium, mantle, intestinal wall, digestive 
gland, foot muscle and shell adductor muscle. The abalone haemolymph was centrifuged and 
the supernatant and haemolymph cells were frozen separately, and can be used for protein 
analysis and analysis of HSP70 concentrations to indicate the level of the stress the abalone 
might experience in different treatments at future ocean conditions.  
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APPENDICES 
Table A.1 2-factor ANOVA analysis on abalone shell growth in different treatments during the 
experiment. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.076 1 0.076 0.383 0.548 
PH$ 7.379 1 7.379 37.339 0.000 
TEMPERATURE$*PH$ 18.488 1 18.488 93.547 0.000 
Error 2.372 12 0.198     
 
Table A.2 Tukey's Honestly-Significant-Difference Test for the abalone shell growth in 
different treatments. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
Low T- Low pH Low T- High pH -3.508 0 -4.441 -2.575 
Low T- Low pH High T- Low pH -2.012 0 -2.946 -1.079 
Low T- Low pH High T- High pH -1.221 0.01 -2.154 -0.287 
Low T- High pH High T- Low pH 1.496 0.002 0.563 2.429 
Low T- High pH High T- High pH 2.287 0 1.354 3.221 
High T- Low pH High T- High pH 0.792 0.107 -0.142 1.725 
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Table A.3. 2-factor ANOVA analysis on the tube worm coverage change in different 
treatments during the experiment. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 61,739.826 1 61,739.826 39.024 0.000 
PH$ 843,045.331 1 843,045.331 532.863 0.000 
TEMPERATURE$*PH$ 9,240.016 1 9,240.016 5.840 0.033 
Error 18,985.247 12 1,582.104     
 
Table A.4. Tukey's Honestly-Significant-Difference Test for the tube worm coverage change in 
different treatments during the experiment. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH HighT*LowpH -410.175 0.000 -493.692 -326.658 
HighT*HighpH LowT*HighpH 172.279 0.000 88.762 255.796 
HighT*HighpH LowT*LowpH -334.312 0.000 -417.830 -250.795 
HighT*LowpH LowT*HighpH 582.454 0.000 498.937 665.971 
HighT*LowpH LowT*LowpH 75.863 0.080 -7.655 159.380 
LowT*HighpH LowT*LowpH -506.592 0.000 -590.109 -423.075 
 
Table A.5.  2-factor ANOVA analysis and the Scheirer-Ray-Hare extention of the Kruskal-
Wallis test for the P-Value on the erosion of the periostracum layer in different treatments. 
 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 4.000 1 4.000 1.024 0.5<P<0.9 
PH$ 217.562 1 217.562 55.696 P<00.1 
TEMPERATURE$*PH$ 52.563 1 52.563 13.456 0.05<P<0.025 
Error 46.875 12 3.906     
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Table A.6. Tukey's Honestly-Significant-Difference Test on the erosion of the periostracum 
layer in different treatments. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH HighT*LowpH -2.750 0.064 -5.641 0.141 
HighT*HighpH LowT*HighpH 1.750 0.321 -1.141 4.641 
HighT*HighpH LowT*LowpH -7.750 0.000 -10.641 -4.859 
HighT*LowpH LowT*HighpH 4.500 0.003 1.609 7.391 
HighT*LowpH LowT*LowpH -5.000 0.001 -7.891 -2.109 
LowT*HighpH LowT*LowpH -9.500 0.000 -12.391 -6.609 
 
Table A.7.  2-factor ANOVA analysis on the Number of holes of the periostracum layer in 
different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 47,851.563 1 47,851.563 67.905 0.000 
PH$ 11,395.562 1 11,395.562 16.171 0.002 
TEMPERATURE$*PH$ 10,251.562 1 10,251.562 14.548 0.002 
Error 8,456.250 12 704.688     
 
Table A.8. Tukey's Honestly-Significant-Difference Test on the Number of holes of the 
periostracum layer in different treatments. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH HighT*LowpH 104.000 0.001 48.271 159.729 
HighT*HighpH LowT*HighpH 160.000 0.000 104.271 215.729 
HighT*HighpH LowT*LowpH 162.750 0.000 107.021 218.479 
HighT*LowpH LowT*HighpH 56.000 0.049 0.271 111.729 
HighT*LowpH LowT*LowpH 58.750 0.038 3.021 114.479 
LowT*HighpH LowT*LowpH 2.750 0.999 -52.979 58.479 
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Table A.9.  2-factor ANOVA analysis on the coverage percentage of the periostracum layer in 
different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.381 1 0.381 25.087 0.000 
PH$ 4.240 1 4.240 279.401 0.000 
TEMPERATURE$*PH$ 0.641 1 0.641 42.250 0.000 
Error 0.182 12 0.015   
 
 
Table A.10.  Tukey's Honestly-Significant-Difference Test on the coverage percentage of the 
periostracum layer in different treatments. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH HighT*LowpH 0.629 0.000 0.371 0.888 
HighT*HighpH LowT*HighpH -0.092 0.722 -0.350 0.167 
HighT*HighpH LowT*LowpH 1.338 0.000 1.079 1.597 
HighT*LowpH LowT*HighpH -0.721 0.000 -0.980 -0.462 
HighT*LowpH LowT*LowpH 0.709 0.000 0.450 0.967 
LowT*HighpH LowT*LowpH 1.430 0.000 1.171 1.689 
 
Table A.11.  2-factor ANOVA analysis on nacre thickness in different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 4,013.289 1 4,013.289 0.975 0.343 
PH$ 1,917.012 1 1,917.012 0.466 0.508 
TEMPERATURE$*PH$ 15,231.610 1 15,231.610 3.702 0.078 
Error 49,374.083 12 4,114.507   
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Table A.12.  2-factor ANOVA analysis on prismatic thickness in different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 12,432.294 1 12,432.294 10.304 0.007 
PH$ 9,757.976 1 9,757.976 8.088 0.015 
TEMPERATURE$*PH$ 1,710.747 1 1,710.747 1.418 0.257 
Error 14,477.905 12 1,206.492   
 
 
Table A.13.  2-factor ANOVA analysis on the proportion of prismatic to nacre layer thickness 
in different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.059 1 0.059 6.314 0.027 
PH$ 0.044 1 0.044 4.695 0.051 
TEMPERATURE$*PH$ 0.040 1 0.040 4.249 0.062 
Error 0.113 12 0.009   
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Table A.14. Repeated measures ANOVA results on the calcium ratio in abalone shell cross 
sections in different treatments and different locations. 
 
Between Subjects 
Source SS df Mean Squares F-Ratio p-Value 
PH$ 0.030 1 0.030 7.565 0.018 
TEMPERATURE$ 0.001 1 0.001 0.221 0.646 
PH$*TEMPERATURE$ 0.005 1 0.005 1.334 0.271 
Error 0.048 12 0.004     
 
Within Subjects 
Source SS df Mean Squares F-Ratio p-Value G-G H-F 
Location 2.595 4 0.649 236.647 0.000 0.000 0.000 
Location*PH$ 0.328 4 0.082 29.943 0.000 0.000 0.000 
Location*TEMPERATURE$ 0.112 4 0.028 10.184 0.000 0.001 0.000 
Location*PH$*TEMPERATURE$ 0.054 4 0.013 4.894 0.002 0.015 0.005 
Error 0.132 48 0.003         
 
 
Table A.15. 2-factor ANOVA in the Ca ration in prismatic layer of the abalone shell in 
different treatments  
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.000 1 0.000 0.128 0.727 
PH$ 0.005 1 0.005 1.570 0.234 
TEMPERATURE$*PH$ 0.000 1 0.000 0.008 0.930 
Error 0.037 12 0.003     
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Table A.16. 2-factor ANOVA in the Ca ration in nacre layer of the abalone shell in different 
treatments  
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.000 1 0.000 0.007 0.937 
PH$ 0.002 1 0.002 2.349 0.151 
TEMPERATURE$*PH$ 0.001 1 0.001 0.527 0.482 
Error 0.012 12 0.001     
 
 
Table A.17. 2-factor ANOVA in the Ca ration in periostracum layer of the abalone shell in 
different treatments  
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.004 1 0.004 4.638 0.052 
PH$ 0.342 1 0.342 452.288 0.000 
TEMPERATURE$*PH$ 0.004 1 0.004 4.790 0.049 
Error 0.009 12 0.001     
 
Table A.18.  Tukey's Honestly-Significant-Difference Test in the Ca ration in periostracum 
layer of the abalone shell in different treatments  
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
    Lower Upper 
HighT*HighpH HighT*LowpH -0.322 0.000 -0.380 -0.265 
HighT*HighpH LowT*HighpH 0.000 1.000 -0.058 0.057 
HighT*HighpH LowT*LowpH -0.263 0.000 -0.320 -0.205 
HighT*LowpH LowT*HighpH 0.322 0.000 0.264 0.380 
HighT*LowpH LowT*LowpH 0.060 0.042 0.002 0.117 
LowT*HighpH LowT*LowpH -0.262 0.000 -0.320 -0.205 
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Table A.19. 2-factor ANOVA in the Ca ration in Last layer of nacre in the abalone shell in 
different treatments  
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.086 1 0.086 14.469 0.003 
PH$ 0.009 1 0.009 1.572 0.234 
TEMPERATURE$*PH$ 0.054 1 0.054 9.013 0.011 
Error 0.071 12 0.006     
 
Table A.20.  Tukey's Honestly-Significant-Difference Test in the Ca ration in Last layer of 
nacre in the abalone shell in different treatments  
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH HighT*LowpH 0.164 0.047 0.002 0.326 
HighT*HighpH LowT*HighpH -0.031 0.940 -0.193 0.131 
HighT*HighpH LowT*LowpH -0.098 0.319 -0.260 0.064 
HighT*LowpH LowT*HighpH -0.195 0.017 -0.357 -0.033 
HighT*LowpH LowT*LowpH -0.263 0.002 -0.425 -0.101 
LowT*HighpH LowT*LowpH -0.067 0.617 -0.229 0.095 
 
 
Table A.21. 2-factor ANOVA of the Ca ratio in the Zagros structure in different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 0.022 1 0.022 5.352 0.039 
PH$ 0.000 1 0.000 0.095 0.763 
TEMPERATURE$*PH$ 0.001 1 0.001 0.291 0.599 
Error 0.050 12 0.004     
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Table A.22. Analysis of Variance on Zagros structure top distances from each other. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 22,461.431 1 22,461.431 5.040 0.044 
PH$ 25,087.410 1 25,087.410 5.629 0.035 
TEMPERATURE$*PH$ 10,955.681 1 10,955.681 2.458 0.143 
Error 53,479.354 12 4,456.613   
 
 
Table A.23. Analysis of Variance on Zagros structure height 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 30,560.427 1 30,560.427 24.187 0.000 
PH$ 30,477.700 1 30,477.700 24.122 0.000 
TEMPERATURE$*PH$ 735.575 1 735.575 0.582 0.460 
Error 15,162.050 12 1,263.504   
 
 
Table A.24. Analysis of Variance on distance from Zagros structure top to outset layer of the 
shell 
Analysis of Variance 
Source Type III SS Df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 722.693 1 722.693 1.496 0.245 
PH$ 32,493.972 1 32,493.972 67.251 0.000 
TEMPERATURE$*PH$ 3,847.474 1 3,847.474 7.963 0.015 
Error 5,798.067 12 483.172   
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Table A.25.  Tukey's Honestly-Significant-Difference Test from Zagros structure top to outset 
layer of the shell in different treatments  
Tukey's Honestly-Significant-Difference Test 
PH$(i)*TEMPERAT- 
URE$(i) 
PH$(j)*TEMPERAT- 
URE$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighpH*HighT HighpH*LowT -44.455 0.060 -90.602 1.691 
HighpH*HighT LowpH*HighT 59.116 0.012 12.970 105.263 
HighpH*HighT LowpH*LowT 76.689 0.002 30.543 122.835 
HighpH*LowT LowpH*HighT 103.572 0.000 57.426 149.718 
HighpH*LowT LowpH*LowT 121.144 0.000 74.998 167.291 
LowpH*HighT LowpH*LowT 17.573 0.679 -28.574 63.719 
 
 
Table A.26.  3-factor ANOVA analysis on Na content of the abalone shell in different 
treatments. 
 
 
 
 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 56,003.682 1 56,003.682 0.434 0.517 
PH$ 68,807.158 1 68,807.158 0.533 0.473 
COPPER$ 225.239 1 225.239 0.002 0.967 
TEMPERATURE$*PH$ 306,444.845 1 306,444.845 2.375 0.137 
TEMPERATURE$*COPPER$ 128.382 1 128.382 0.001 0.975 
PH$*COPPER$ 65,340.773 1 65,340.773 0.506 0.484 
TEMPERATURE$*PH$*COPPER$ 46,463.240 1 46,463.240 0.360 0.554 
Error 2,967,707.724 23 129,030.771   
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Table A.27.  3-factor ANOVA analysis on Zn content of the abalone shell in different 
treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 5,960,854.415 1 5,960,854.415 0.499 0.487 
PH$ 48,097,673.793 1 48,097,673.793 4.028 0.057 
COPPER$ 24,226,108.066 1 24,226,108.066 2.029 0.168 
TEMPERATURE$*PH$ 3,249,449.052 1 3,249,449.052 0.272 0.607 
TEMPERATURE$*COPPER$ 2,565,091.098 1 2,565,091.098 0.215 0.647 
PH$*COPPER$ 17,156,949.119 1 17,156,949.119 1.437 0.243 
TEMPERATURE$*PH$*COPPER$ 14,169,147.737 1 14,169,147.737 1.187 0.287 
Error 2.746E+008 23 11,940,505.669     
 
 
Table A.28.  3-factor ANOVA analysis on K content of the abalone shell in different 
treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 16,365,768.260 1 16,365,768.260 2.248 0.147 
PH$ 5,997,501.335 1 5,997,501.335 0.824 0.373 
COPPER$ 1,037,564.311 1 1,037,564.311 0.143 0.709 
TEMPERATURE$*PH$ 14,582,891.528 1 14,582,891.528 2.003 0.170 
TEMPERATURE$*COPPER$ 1,494,018.177 1 1,494,018.177 0.205 0.655 
PH$*COPPER$ 4,409,666.376 1 4,409,666.376 0.606 0.444 
TEMPERATURE$*PH$*COPPER$ 1,099,234.627 1 1,099,234.627 0.151 0.701 
Error 1.674E+008 23 7,279,641.797     
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Table A.29.  3-factor ANOVA analysis on Cu content of the abalone shell in different 
treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 19,285.073 1 19,285.073 0.846 0.367 
PH$ 10,347.909 1 10,347.909 0.454 0.507 
COPPER$ 42,401.342 1 42,401.342 1.860 0.186 
TEMPERATURE$*PH$ 21,552.640 1 21,552.640 0.945 0.341 
TEMPERATURE$*COPPER$ 19,285.073 1 19,285.073 0.846 0.367 
PH$*COPPER$ 10,347.909 1 10,347.909 0.454 0.507 
TEMPERATURE$*PH$*COPPER$ 21,552.640 1 21,552.640 0.945 0.341 
Error 524,448.450 23 22,802.107     
 
 
Table A.30.  3-factor ANOVA analysis on Mg content of the abalone shell in different 
treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 9,660.266 1 9,660.266 0.021 0.887 
PH$ 24,052.176 1 24,052.176 0.051 0.823 
COPPER$ 701,973.016 1 701,973.016 1.501 0.236 
TEMPERATURE$*PH$ 194,219.493 1 194,219.493 0.415 0.527 
TEMPERATURE$*COPPER$ 7,494.028 1 7,494.028 0.016 0.901 
PH$*COPPER$ 74,543.055 1 74,543.055 0.159 0.694 
TEMPERATURE$*PH$*COPPER$ 2,290,729.108 1 2,290,729.108 4.897 0.040 
Error 8,420,220.415 18 467,790.023     
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Table A.31.  3-factor ANOVA analysis on Ca content of the abalone shell in different 
treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 2.520E+010 1 2.520E+010 0.807 0.378 
PH$ 1.231E+010 1 1.231E+010 0.394 0.536 
COPPER$ 9.458E+009 1 9.458E+009 0.303 0.587 
TEMPERATURE$*PH$ 1.061E+009 1 1.061E+009 0.034 0.855 
TEMPERATURE$*COPPER$ 1.136E+010 1 1.136E+010 0.364 0.552 
PH$*COPPER$ 3.225E+010 1 3.225E+010 1.032 0.320 
TEMPERATURE$*PH$*COPPER$ 9.694E+009 1 9.694E+009 0.310 0.583 
Error 7.184E+011 23 3.123E+010   
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Table A.32. Tukey's Honestly-Significant-Difference Test for Mg content of abalone shell in 
different treatments. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i)*COPPER$- 
(i) 
TEMPERATURE$(j)- 
*PH$(j)*COPPER$- 
(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH*Copper HighT*HighpH*non Copper 196.578 1.000 -1,585.431 1,978.586 
HighT*HighpH*Copper HighT*LowpH*Copper 259.052 1.000 -1,870.856 2,388.960 
HighT*HighpH*Copper HighT*LowpH*nonCopper -541.275 0.973 -2,446.322 1,363.773 
HighT*HighpH*Copper LowT*HighpH*Cop- 
per 
505.354 0.982 -1,399.693 2,410.402 
HighT*HighpH*Copper LowT*HighpH*nonCopper -583.956 0.944 -2,365.964 1,198.053 
HighT*HighpH*Copper LowT*LowpH*Copper -97.746 1.000 -2,002.793 1,807.302 
HighT*HighpH*Copper LowT*LowpH*non 
Copper 
248.676 1.000 -1,533.333 2,030.685 
HighT*HighpH*non Copper HighT*LowpH*Copper 62.474 1.000 -1,958.134 2,083.082 
HighT*HighpH*non Copper HighT*LowpH*nonCopper -737.852 0.840 -2,519.861 1,044.157 
HighT*HighpH*non Copper LowT*HighpH*Copper 308.777 0.999 -1,473.232 2,090.785 
HighT*HighpH*non Copper LowT*HighpH*nonCopper -780.533 0.737 -2,430.353 869.286 
HighT*HighpH*non Copper LowT*LowpH*Copper -294.323 0.999 -2,076.332 1,487.685 
HighT*HighpH*non Copper LowT*LowpH*nonCopper 52.098 1.000 -1,597.721 1,701.918 
HighT*LowpH*Copper HighT*LowpH*nonCopper -800.327 0.894 -2,930.234 1,329.581 
HighT*LowpH*Copper LowT*HighpH*Cop-per 246.302 1.000 -1,883.606 2,376.210 
HighT*LowpH*Copper LowT*HighpH*nonCopper -843.008 0.835 -2,863.616 1,177.600 
HighT*LowpH*Copper LowT*LowpH*Copper -356.798 0.999 -2,486.706 1,773.110 
HighT*LowpH*Copper LowT*LowpH*nonCopper -10.376 1.000 -2,030.984 2,010.232 
HighT*LowpH*nonCopper LowT*HighpH*Copper 1,046.629 0.583 -858.419 2,951.676 
HighT*LowpH*nonCopper LowT*HighpH*nonCopper -42.681 1.000 -1,824.690 1,739.328 
HighT*LowpH*nonCopper LowT*LowpH*Copper 443.529 0.991 -1,461.519 2,348.576 
HighT*LowpH*nonCopper LowT*LowpH*nonCopper 789.951 0.792 -992.058 2,571.959 
LowT*HighpH*Copper LowT*HighpH*nonCopper -1,089.310 0.459 -2,871.318 692.699 
LowT*HighpH*Copper LowT*LowpH*Copper -603.100 0.953 -2,508.148 1,301.947 
LowT*HighpH*Copper LowT*LowpH*nonCopper -256.678 1.000 -2,038.687 1,525.331 
LowT*HighpH*nonCopper LowT*LowpH*Copper 486.210 0.979 -1,295.799 2,268.218 
LowT*HighpH*nonCopper LowT*LowpH*nonCopper 832.632 0.675 -817.188 2,482.451 
LowT*LowpH*Copper LowT*LowpH*nonCopper 346.422 0.997 -1,435.587 2,128.431 
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Table A.33.  3-factor ANOVA analysis on Na content of the abalone gill in different treatments. 
 
 
Table A.34.  3-factor ANOVA analysis on Mg content of the abalone gill in different treatments  
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 1,398.848 1 1,398.848 0.004 0.950 
PH$ 5,671.899 1 5,671.899 0.016 0.900 
COPPER$ 150,149.903 1 150,149.903 0.429 0.519 
TEMPERATURE$*PH$ 2,163,290.490 1 2,163,290.490 6.180 0.021 
TEMPERATURE$*COPPER$ 100,905.762 1 100,905.762 0.288 0.596 
PH$*COPPER$ 90,579.802 1 90,579.802 0.259 0.616 
TEMPERATURE$*PH$*COPPER$ 260,139.124 1 260,139.124 0.743 0.398 
Error 8,050,789.788 23 350,034.339     
 
 
 
 
 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 21,840,711.346 1 21,840,711.346 0.845 0.368 
PH$ 17,057,693.989 1 17,057,693.989 0.660 0.425 
COPPER$ 55,751,249.268 1 55,751,249.268 2.156 0.156 
TEMPERATURE$*PH$ 1.384E+008 1 1.384E+008 5.353 0.030 
TEMPERATURE$*COPPER$ 8,913,157.967 1 8,913,157.967 0.345 0.563 
PH$*COPPER$ 6,496,107.445 1 6,496,107.445 0.251 0.621 
TEMPERATURE$*PH$*COPPER$ 19,897,269.074 1 19,897,269.074 0.769 0.389 
Error 5.947E+008 23 25,857,458.058     
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Table A.35.  3-factor ANOVA analysis on K content of the abalone gill in different treatments 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 502,098.519 1 502,098.519 0.592 0.449 
PH$ 10,076.760 1 10,076.760 0.012 0.914 
COPPER$ 706,788.346 1 706,788.346 0.834 0.371 
TEMPERATURE$*PH$ 172,917.138 1 172,917.138 0.204 0.656 
TEMPERATURE$*COPPER$ 2,078,891.754 1 2,078,891.754 2.453 0.131 
PH$*COPPER$ 194,820.019 1 194,820.019 0.230 0.636 
TEMPERATURE$*PH$*COPPER$ 948,182.795 1 948,182.795 1.119 0.301 
Error 19,496,003.731 23 847,652.336     
 
 
Table A.36.  3-factor ANOVA analysis on Ca content of the abalone gill in different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 44,973.368 1 44,973.368 0.081 0.778 
PH$ 409,449.822 1 409,449.822 0.742 0.398 
COPPER$ 222,842.972 1 222,842.972 0.404 0.531 
TEMPERATURE$*PH$ 941,323.310 1 941,323.310 1.705 0.205 
TEMPERATURE$*COPPER$ 488,475.806 1 488,475.806 0.885 0.357 
PH$*COPPER$ 1,269,375.592 1 1,269,375.592 2.299 0.143 
TEMPERATURE$*PH$*COPPER$ 421,206.446 1 421,206.446 0.763 0.391 
Error 12,696,611.348 23 552,026.580   
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Table A.37.  3-factor ANOVA analysis on Cu content of the abalone gill in different treatments. 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 49.594 1 49.594 0.468 0.501 
PH$ 6.398 1 6.398 0.060 0.808 
COPPER$ 137.028 1 137.028 1.294 0.267 
TEMPERATURE$*PH$ 214.142 1 214.142 2.022 0.168 
TEMPERATURE$*COPPER$ 71.075 1 71.075 0.671 0.421 
PH$*COPPER$ 73.981 1 73.981 0.698 0.412 
TEMPERATURE$*PH$*COPPER$ 44.707 1 44.707 0.422 0.522 
Error 2,436.195 23 105.922   
 
 
 
Table A.38.  3-factor ANOVA analysis on Zn content of the abalone gill in different treatments 
Analysis of Variance 
Source Type III SS df Mean Squares F-Ratio p-Value 
TEMPERATURE$ 81.050 1 81.050 0.993 0.329 
PH$ 4.014 1 4.014 0.049 0.826 
COPPER$ 112.596 1 112.596 1.379 0.252 
TEMPERATURE$*PH$ 233.005 1 233.005 2.854 0.105 
TEMPERATURE$*COPPER$ 199.622 1 199.622 2.445 0.132 
PH$*COPPER$ 142.140 1 142.140 1.741 0.200 
TEMPERATURE$*PH$*COPPER$ 30.668 1 30.668 0.376 0.546 
Error 1,877.589 23 81.634     
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Table A.39. P values from Tukey's Honestly-Significant-Difference Test (pairwised 
comparison) for Mg content of abalone gill in different treatments. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH HighT*LowpH 557.910 0.293 -289.452 1,405.272 
HighT*HighpH LowT*HighpH 517.238 0.323 -301.392 1,335.867 
HighT*HighpH LowT*LowpH 13.680 1.000 -804.950 832.309 
HighT*LowpH LowT*HighpH -40.672 0.999 -888.034 806.690 
HighT*LowpH LowT*LowpH -544.230 0.314 -1,391.592 303.132 
LowT*HighpH LowT*LowpH -503.558 0.345 -1,322.187 315.071 
 
 
Table A.40. P values from Tukey's Honestly-Significant-Difference Test (pairwised 
comparison) for Na content of abalone gill in different treatments. 
Tukey's Honestly-Significant-Difference Test 
TEMPERATURE$(i)- 
*PH$(i) 
TEMPERATURE$(j)- 
*PH$(j) 
Difference p-Value 95% Confidence Interval 
        Lower Upper 
HighT*HighpH HighT*LowpH 2,755.051 0.728 -4,527.886 10,037.987 
HighT*HighpH LowT*HighpH 5,931.740 0.120 -1,104.245 12,967.726 
HighT*HighpH LowT*LowpH 196.050 1.000 -6,839.936 7,232.035 
HighT*LowpH LowT*HighpH 3,176.690 0.633 -4,106.247 10,459.627 
HighT*LowpH LowT*LowpH -2,559.001 0.769 -9,841.938 4,723.936 
LowT*HighpH LowT*LowpH -5,735.691 0.138 -12,771.676 1,300.295 
  
 
